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ABSTRACT

Sources of electricity in Malaysia depend highly on fuel, natural gas, and cod
which can give a negative impacts to the environtment such as air pollution. The
desalination plant as brackish water consumes high electricity to produce freshwater
as associated with heating, cooling, water treatment and separation process. OTEC
plant is a green renewable energy method to generate electricity. This study used a
desalination method without pre-heating the incoming water called OTEC-LTTD
plant. In this method, the water vapor is produced when the hot water is transferred
into a de-pressurized chamber below the saturation pressure corresponding to the
water temperature. The steam will then condensed on the surface of the condenser
through the supplied cold water. This method is called "Low Temperature Thermal
Desdlination”. For the purpose of this study, the simulation on OTEC plant,
desalination plant (LTTD) and integrated OTEC-LTTD plant were carried out under
the tropical temperature and topographic information found in Malaysia. The input
parameters will be optimized to identify the optimum operating parameters that
provide low-grade energy to produce freshwater. The results reveal that the specific
power consumption needed to produce freshwater from OTEC-LTTD plant is lower
than others types of desalination plant. From the proposed simulation, it is found that
the net power of 804 kW and freshwater rate of 16.49 kg/s (59.36 t/h) can be
produced at warm seawater temperature and cold seawater temperature of 26 °C and
4 °C respectively. The energy that is required to produce 59.36 t/h freshwater by
using the most energy-efficient desalination process would be 207 kW and this is by
using RO method. At the highest temperature of this simulation which was 30 °C, the
freshwater capacity produced was 11.57 kg/s, equivalent to 1000 ton/day of
freshwater. From a thermodynamic point of view, the results from combining the
sustainable energy with desalination technology had provided useful knowledge for

human kind.
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ABSTRAK

Sumber tenaga elektrik di Malaysia adalah sangat bergantung kepada bahan
api, gas adli dan arang batu yang memberi kesan negatif kepada persekitaran seperti
pencemaran udara. Loji penyahgaraman seperti air payau menggunakan tenaga
elektrik yang tinggi untuk menghasilkan air tawar seperti untuk proses pemanasan,
penyejukan, rawatan air dan pengasingan. Loji OTEC menggunakan sumber tenaga
hijau untuk menjana tenaga elektrik. Kajian ini  menggunakan kaedah
penyahgaraman tanpa memanaskan air yang masuk dikenali sebagai loji OTEC-
LTTD. Daam kaedah ini, wap terhasil apabila air panas dipindahkan ke dalam ruang
di bawah tekanan tepu sepadan dengan suhu air. Kemudian stim akan memeluap
pada permukaan pemeluwap melalui air sgjuk yang dibekalkan. Kaedah ini dikenali
sebagal " Penyahgaraman Haba Suhu Rendah”. Bagi tujuan kajian ini, simulasi ke
atas loji OTEC, loji penyahgaraman (LTTD) dan loji OTEC-LTTD bersepadu telah
dijalankan di bawah suhu tropika dan maklumat topografi yang terdapat di Malaysia.
Parameter input akan dioptimumkan untuk mengenalpasti parameter optimum yang
memberikan tenaga gred rendah untuk menghasilkan air tawar. Keputusan
menunjukkan bahawa penggunaan kuasa khusus untuk mengeluarkan air tawar
daripada loji OTEC-LTTD adalah lebih rendah daripada jenis loji penyahgaraman
lain. Daripada simulasi yang dicadangkan, tenaga bersih 804 kW dan kadar air 16.49
kg/s (59.36 t/j) boleh dihasilkan pada suhu air laut panas dan suhu air laut sgjuk
masing-masing pada 26 °C dan 4 °C. Tenaga yang diperlukan untuk menghasilkan
59.36 t/j air tawar dengan menggunakan proses penyahgaraman yang paling efektif
adalah 207 kW dan ini adalah dengan menggunakan kaedah RO. Pada suhu tertinggi
dalam simulasi ini iaitu 30 °C , kapasiti air tawar yang diperolehi adalah 11.57 kg/s,
bersamaan dengan 1000 tan/hari air tawar terhasil. Dari sudut termodinamik, hasil
daripada gabungan tenaga boleh diperbaharui dengan teknologi penyahgaraman telah
memberikan ilmu pengetahuan yang berguna kepada manusia.
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CHAPTER 1

INTRODUCTION

1.1  Background of the Study

Freshwater is used by the energy sector aong the complete supply chain from
extraction and conversion of raw material through to generation of power. Energy and
water are valuable resources that underpin human prosperity and are, to a large
extent, interdependent. This chapter addresses water for energy in the context of the
energy scenarios. It provides information on future water requirements for energy
production and identifies the particular water resource risks associated with our

energy scenarios.

1.1.1 Electricity Demand

With the high consumption of electricity these days, it makes electricity as
one of the global demand. The use of eectricity in home appliances, industria, all
domestic and non-domestics causing the electricity to become so vital. Figure 1.1
shows the electricity consumption per capita in Maaysia whereby its population is
used as a benchmark for identifying how much el ectricity consumption is needed. In
2013 electricity consumption per capitain Malaysia is 4511.97 kWh and it has been
increasing rapidly from 1990 to 2013. This rapid increase in electricity consumption

over the yearsis due to economic and population growth.



kWh
5,000.00

4,500.00

4,000.00 ﬁ/

3,500.00

3,000.00 /J

200,00 //_/v ——— Malaysia - Electric
2,000.00 consumption per

/ capita
1,500.00

1,000.00

500.00

000 T T T T T T T T T T T T T T T T T T T T T T T 1
Year

Figurel.l  Electric Consumption Per Capita (Saboori and Sulaiman, 2013)

Figure 1.2 shows the relationship between electric power consumption and
total electricity generation by year. This shows that as the population increases every
year it has affected the demand for electricity. According to an article written by Ali
Imran Mohd Noor (2012) of Bernama, the electricity consumption per household in
Malaysiais 251 kWh per month which means that one household can release 171.68
kg of carbon dioxide per month. As such, electricity produced from fossil fuel, oil,
coal and gas released many gases into the air thereby contributing a negative impact
on the environment such as the climate change and globa warming. These problems
make many parties strive to reduce the problem by implementing the green

technology.
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Figurel.2  Power generation and electricity consumption in Malaysia (Hosseini
and Abdul Wahid, 2014)

The aternative power generation from renewable energy sources such as ocean
thermal and solar can help to protect the earth from being destroyed. Figure 1.3
shows the solar panel and the wind energy for power generation that has been

applied in Malaysia.

Figure1.3  Solar panel and wind turbine plant for power generation (Daruset al.,
2008)



1.1.2 Freshwater Demand

The water desdlination technology is one of the most important and
commercialized technology available nowadays. In the present situation, the world is
facing shortage of available freshwater resources from rivers and groundwater which
are presently limited. For the incoming years, more freshwater will be needed to
support the increase in population rates, expansion of industrial activities and for
agriculture purpose. All living creatures and many economic activities will depend
on water and it's impossible to live without it. Today, many countries are meeting
their freshwater demands by depending on desalination technologies such as in the
Middle East countries (eg: Kuwait, Saudi Arabia, and the United Arab Emirates)
where the seawater desalination is important and dependable freshwater resources
(Mistry et al., 2013, Lee et a., 2013). Nowadays, seawater is a huge source for
freshwater through seawater desalination technologies. Figure 1.4 shows the global
water distribution where it indicates that seawater isamajor water reservoir of which
97% of the global water distribution is covered by the ocean. The available
groundwater or freshwater for the earth's total water supply account less than 0.7%
which is very limited resources (Kim et a., 2013). The distribution of freshwater that
needs to support the world water demand is relatively small and depleted as the years
go by. An abundant of seawater is beneficial to support the ecosystem by converting
into freshwater.

97% Ocean

2.2% lIce

: ~0.7% Groundwat
Surfacewater PRI

Figurel4  The World Globa Water Distribution (Cosgrove and Rijsberman,
2014)



In future, the increase in population, agriculture, and al industry will
contribute to the water scarcity (Cosgrove and Rijsberman, 2014), as shown in
Figure 1.5. Therefore, any approach or method that should be taken must be able to
meet the freshwater demand.

' }

r
ater withdrawal as percentage of total available”

More than 40%0 20% to 10%0
40% to 20% [ Less than 10%

Figurel5  Projected Water Scarcity in 2025 (Hoekstra, 2014)

Desdlination process is the prosess of separating saline seawater into two
streams. The first stream is the freshwater which contais a low concentration of
dissolved salts and the other one is a concentrated brine stream. Numerous seawater
desdination technologies have been growing, for example membrane separation,
thermal distillation, freezing and electrodialysis. There are two types of seawater
desalination process which is therma desalination and membrane separation. The
multi-stage flash (MSF) and multi-effect distillation (MED) are the sort of thermal
distillation while the reverse osmosis is the kind of membrane separation. The flash
evaporation under vacuum process is a distinguishing future of desalination
technologies. This process involves heat mass transfer process which the evaporator
and condenser operate in partial vacuum ranging from 1 percent to 3 percent of
atmospheric pressure (Kulkarni and Joshi, 2016).



All technologies pose a practical concern and technical limitation that must
be addressed (Elimelech and Phillip, 2011, Ghaffour et al., 2013). Ocean Thermal
Energy Conversion (OTEC) is the technology that utilises the seawater as a energy
carrier by harnessing the temperature difference between the sun-warmed surface of
the tropical oceans and the cold deep seawater to generate electricity indirectly
(Khan et a., 2017). The open cycle OTEC has the same concept as a low-
temperature thermal desalination process. Both systems uses vacuum pumps to create
a low-pressure, a low-temperature environment in which water evaporates even at a
temperature gradient of 8 °C between two volumes of water. A hybrid cycle is a
coupled technology that combines both the closed and open cycle systems. An
example of a hybrid cycle is OTEC-desalination or OTEC-desalination-hydrogen.
Instead of generating electricity, the condenser in open and a hybrid cycle is used to
generate desalinated water which suitable for human consumption, agriculture,
refrigeration, hydrogen and etc (Huang et a., 2003). Hence, by integrated both
technologies, we are able to produce electricity, freshwater and byproducts

simultaneously.

The study was conducted to review the advanced seawater desalination
technology based on the distillation system (under vacuum process). The flash
boiling concept has been applied in this process. In the flash evaporation process is
when the liquid is preheated and is then subjected to a pressure below its vapor
pressure causing boiling or flashing to occur. The vapors flash off the warm liquid
and the salts exit with the remaining water. The investigation is amed at utilizing
different outlet temperature in an evaporator and condenser so as to produce
freshwater using a low-temperature thermal desalination process. The input
parameters will be optimized to identify the optimum operating parameters that
provide low-grade energy to produce freshwater. The sources for generating
electricity can bring environmental pollution and the process of getting freshwater
would consume much electricity. Therefore, a green renewable energy like OTEC is
seen to be the promising solution to maintain the environmental benign and

sustainability.



1.2 Problem Statement

Water is essentia to human being because al living creatures are dependent
on it. The lack of freshwater will cause huge sanitation issues, safe drinking supply,
poor hygiene, slow industrial development and many more issues. From the issues of
GHG emissions and water scarcity, the awareness of these problems would be
important for everybody on the planet (Nair et a., 2014). The need of freshwater is
rising rapidly every year due to population growth and other uses. Furthermore, the
source of freshwater is less than 0.7 percent which isrelatively critical to support the
rapidly increasing in population over the years. Thus, using desalination by
converting the seawater into freshwater is needed as the source is freely available to
use. In order to produce freshwater, high energy consumption is needed and pre-
treatment process is needed for stand-alone and conventional desalination plant. For
electricity, the sources of energy is mainly obtained from fossil fuel, oil and coals
which have released undeniable gases into the air, which is not only harmful but
cause pollution to the environment. Like freshwater, the demand for electricity is
also increasing through the years. Currently, Malaysiais largely dependent on fuels
and codl asits primary electricity generation. Therefore, it isimportant that it move
towards generating electricity by using clean and renewable energy in order to
support the electricity demand. One of the solutions is to develop an integrated
OTEC cycle like OTEC-desalination technology that can generate fresh water and
electricity with zero emission of carbon dioxide gas. Many research and studies have
been conducted on OTEC and desalination like their cost effectiveness, efficiencies,
design, new techniques and the hybrid system. A low vacuum distillation consists of
flash evaporation is a distinguishing feature of open cycle OTEC (Vega, 2013). The
simulation model of an integrated OTEC has been studied by Syo Nakamura. A
desalination plant was constructed in order to solve the energy and water problems.
At the same time, severa reviews on simulation results have been conducted for
individual OTEC and desalination system under the same condition (Nakamuraet al .,
2009). A simulation study of OTEC-LTTD plant will be conducted to investigate the
optimum parameter for the operating condition. The study will then be followed by
varying the inlet seawater temperature and mass flow rate of the evaporator and

condenser. The performance of the system was evaluated by varying system



parameters based on Malaysia topographic condition to yield electricity and
freshwater. The results will show the feasibility of OTEC- LTTD to be constructed in
Malaysia.

1.3  SitePotential of OTEC and Desalination Plant in Malaysia

Currently, thereis not any global map showing Maaysia as having a potentia
area for generating ocean thermal energy. However in 2008, a marine team that has
done a survey in the South China Sea confirmed that Malaysia has a great potential
to exploit electricity by using OTEC technology. This potential areais located in the

North-Borneo trough or known as Sabah trough as shown in Figure 1.6.
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Figurel1.6  Sabah Trough



Figure 1.7 shows the temperature vs. depth at the Sabah trough where the
average surface temperature is 28 °C and located 1200 m at the bottom of the seaiis 3
°C. According to the popular literature, any area with such a temperature differential
of over 20 °C has the potential generating not only renewable energy but also
freshwater. Maaysia is a country with equator season year-round. The mean sea
temperature around the Malaysia calculated more than 26 °C up to 31 °C.
Unfortunately, the depth of the ocean in Maaysia does not exceed the basic
requirement for OTEC implementation, which is the temperature differential at least
20 °C. However, only at Sabah trough the cold deep seawater temperature is around
4-3 °C range from 1.0 km to 1.2 km depth.
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Figurel.7  Thegraph temperature vs depth of Sabah Trough.

Figure 1.8 shows that the distribution of the average surface seawater
temperature at Sabah trough, range from 26 -30 °C. The temperature difference AT,
of warm seawater and cold seawater is more than 20 °C. The plant can be designed
according to the warm seawater temperature of 26 °C and 6 — 4 °C of cold seawater
on 760 - 1000 m depth from the surface water level. The information for thermal
temperature, topographic and site potential of OTEC plant were referring to Abu
Bakar Jaafar (2013).
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Figurel.8  The graph of average surface seawater temperature at Sabah Trough

1.4  Objective of the Study

The main objective of this project is to optimize the desalination plant for an
integrated OTEC desalination plant under the Malaysian tropical condition. The
study aims to use a numerical and simulation study to investigate the OTEC and
LTTD system performance. The focus of the research is to evaluate the optimum
operating condition based on electricity generation and desalinate freshwater
production. Apart from that, a simulation of experimental data by suitable model will
be of interest in this research. The study will propose the 1 MW OTEC plant
combined with LTTD plant that will boost the OTEC plant through freshwater
production. This study will show a comparison in terms of specific energy
consumption to produce desalinated freshwater, between integrated OTEC
desalination plant and other desalination technology.

15  Scopeof the Study

The scope of this study will be covered as follows:

i. Literature review on desadination technologies and another

desalination concept.
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ii. Develop asimulation on LTTD plant to study the input parameters
effect.

iii.  Develop asimulation on OTEC-LTTD plant.

iv.  Generate data based on Malaysiatropical temperature condition and
temperature data.

v. ldentify optimum operating condition design.

1.6  Significance of the Study

An OTEC-LTTD plant is a combination of closed and open cycle OTEC
where typicaly closed cycle is for electricity generation while open cycle is for
freshwater production. However, there is a larger pressure different when the
working fluid inside the closed cycle passes through the open cycle. This situation
will create either a single stage or two-stage flash evaporation. The power
consumption required to generate freshwater in OTEC-LTTD plant is much lower
than a stand-alone desalination plant because its power is only required for vacuum
pump (Pancha and Bell, 1987). Although there has been numerous research
conducted on the performance and characteristics of flash desadlination in terms of
cost and design, but still lacking in reliable data based on the best condition
parameter for ocean flash desalination system. Furthermore, the modeling and
simulation study are preferable in identifying the design parameter and controller
design before proceeding to the real plant (Upadhyay and Sharma, 2014). The
optimization technique will be conducted in order to analyze the performance based
on existing OTEC and integrated OTEC-LTTD system. In this study, selecting the
best performance in giving the maximum electricity generation and freshwater
production rate will be discussed. Besides, there are several parameters that are
significant to the study that will be configured. Therefore, the results obtained from
this study can provide the necessary information to be used as a guideline for the

future implementation of OTEC-LTTD plant in Malaysia.



CHAPTER 2

LITERATURE REVIEW

2.1 OTEC Working Principle

Ocean Therma Energy Conversion is one of the methods in green technol ogy
that use seawater as a solar agent. The concept of temperature difference between
surface seawater and cold deep seawater is applied to generate electricity. From the
previous research, the difference in temperature of at least 20 °C where the cold
seawater is taken from the specific depths of the ocean is necessary to sustain and
maintain the performance of the OTEC system (Bregman et al., 1995). This causes
the available seawater as the main source to generate electricity. Seawater absorbs
most of the heat transferred by sunlight and it redistribute by mixing effect induced
by the surface current. The temperature of seawater is relatively uniform up to a
depth of 100 m. In OTEC cycle, the range of the tropical temperatureis around 26 °C
- 30 °C (Tierney et al., 2015) and is enough to vaporize the working fluid such as
Ammonia and Freon in the evaporator. These working fluids are commonly used
because of the low boiling point at the vapor state. Figure 2.1 shows the general
arrangement of OTEC cycle. Firstly, the ammonia that has been vaporized in the
evaporator will expand and spin the turbine coupled with a generator to produce
electricity. The cold seawater is used to condense the ammonia vapor into a liquid
state. Then, the working fluid is pumped back into the system to be reused and the
loop is continued.
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Figure2.1  OTECcycle

22 LTTD Working Principle

Low Therma Temperature Digtillation (LTTD) is the technology that makes
use of flash evaporation and vacuum concept. Flash or partial evaporation is the
boiling of aliquid that occurs when a saturated liquid encountering sudden reduction
of its pressure which generates vapor and non-evaporating liquid. The warm
seawater will undergo a process of "flash evaporation™ or the rapid boiling after
entering the flash evaporator chamber. The vapor generated in the flash chamber is
then cooled and condensed by the deep cold seawater in the condenser. The
freshwater that are obtained from the condensation process occur in the condenser.

The steps of flash desalination system are described in Figure 2.2. The
process is similar to the open cycle OTEC where the working fluid vapor expands
through a low-pressure turbine to generate power before being condensed back to
water using cold water piped up from the depth of the ocean. Therefore, vacuum
desdlination is one of aternative technology that converts saline water to freshwater.
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Besides, by decreasing the pressure in the flash chamber rather than heating the
seawater to the boiling point, it will be an advantage in term of energy consumption
(Chung et a., 2012). In aLTTD plant, a vacuum pump is needed to create a low

pressure in condenser and evaporator.
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Figure2.2  Spray flash desdination system schematic diagram (Goto et a.,
2008)

2.3  Ocean Energy Power Generation

Generaly, renewable energy can be defined asthe energy that comes
from resources which are naturally replenished such as ocean and geothermal heat.
However, not al renewable energy is green and zero CO, emission. Power
generation from ocean energy sources is a green renewable energy and can be
produced from two sources, ocean energy which is thermal energy from the sun heat
and mechanical energy from the tides and waves (Ellabban et al., 2014). The thermal
energy source is fairly constant while tidal and waves are the intermittent source of
energy. The source of mechanical energy is free but it is not available in 24 hours a

day throughout the year likein OTEC technology.



15

2.3.1 WaveEnergy

Winds drive and transport the energy that is naturally generated by the wave.
The potential kinetic energy available in wave energy is the reasons why wave
energy is so competitive in line with other resources. Nowadays, there are many
parties have started to explore wave energy and come out with different technologies,
methods and machine for generating electricity. The typical machine used to
generate eectricity is caled as the Wave-Energy-Converter (WEC). Here, every
machine is applying the same concept to capture the wave kinetic energy. Figure 2.3
shows the principles of generating electricity by exploiting wave kinetic energy
stored in the wave.

Aiir is forced back &
forth through turbine

Incoming waves

Figure2.3  Principle of wave energy (LOpez et al., 2013)

The Agucadoura wave farm is the first wave farm with the capacity of 2.25
MW in the world as shown in Figure 2.4. However, it was shut down two months
after its officia opening due to the financial (Drew et a., 2009) and technical
problems of the wave machines (Vosough, 2011). However, until now most of the
wave energy projects remain in the pilot study because of the difficulty to deal with
the wavelength. Some areas have unreliable wave behavior and it becomes
unpredictable to forecast accurate wave power. Therefore, wave energy cannot be

trusted as areliable energy source.
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Figure2.4  Pelamis machine bursting through awave (Daton et al., 2010)

2.3.2 Tidal Energy

The tide is created by the gravitational effect of the sun and the moon on the
earth causing cyclical movement of the seas. Generally, the tidal range is on vertical
differences in high tide and low tide. Tidal energy converts the energy of tides into
electricity but it is predictable. Tidal energy will be a competitive energy resource in

the near future and its working principle is shown in Figure 2.5.

TIDE GOING OUT

Figure2.5  Principle of tidal energy. (Khan et al., 2017)
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2.3.3 Thermal Energy

OTEC isaform of thermal energy and unlike mechanical energy, its sourceis
free, abundant and continually being restored as long as the sun shines and natural
current exist. The main input source of OTEC is warm and cold seawater.
Furthermore, the heat stored in the surface ocean is available all day and that makes
OTEC astable energy power supply. Other ocean energy does not have a stable input
supply because both methods are dependent on wind and the rise and fall of ocean
tides. The first evaluation on OTEC technology was done in the 80's mainly on
technical feasibility rather than economical. However, due to technical improvement
and changes in social situations over the years, this technology once again has
attracted interest from various parties. Recently, due to awareness of global warming,
higher electricity cost to secure energy, commercialization of OTEC has seen to be
economically viable especially on a tropical island. Figure 2.6 shows the largest
operating plants namely the Sihwa Tidal Plant and Jiang Xia Power Plant. The actual
electricity generation counted less than half of the installed capacity for the turbine
power. This is due to the unstable supply of the input energy for the plant. This
makes OTEC Power Plant more competitive to produce electricity continuously.

liang Xia

Instalied Capacity: 254N Installed Capacity: 3.2 MW
Annual Power :552.7 G\Wh Annual Power 6.5 Gwh
Actual :53.09 MW Actual ‘0. TMW

Cost: 3551 MUSD

Figure2.6  Tidal Energy Power Plants. (Cho and Park, 2014, Zhou €t al., 2016)
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Figure 2.7 (@) shows the first 15 kW Mini-OTEC plant that has been
developed since 1979 in Keahole Point, Hawaii. This plant was built at the Natural
Energy Laboratory of Hawaii Authority (NELHA) to demonstrate the concept.
Recently, with the maturity and advancement of technology, Makai Ocean
Engineering has completed its operation of 105 kw OTEC power plant to produce
electricity as shown in Figure 2.7 (b). In Figure 2.7 (c), it shows the OTEC
desalination plant by NIOT, India that produced 1000 t/d of freshwater production.
This plant has been developed since 1979 and still in operation until now. Figure 2.7
(d) shows the operating OTEC plant in Japan which is located on Kumijema Island,
Okinawa. This plant started its operation in April 2013 and research is conducted by
Saga University, Japan. The latest news is the first OTEC in India project coming up
in Karavatti, Lakshadweep with 200 kW capacity to power a desalination plant (AN,
2016).
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Figure2.7  OTEC Energy Power Plant (a) 15 kW closed cycle Mini-OTEC plant,
Hawaii (Owens and Trimble, 1981) (b) 105 kW OTEC plant, Hawaii (c) OTEC
desdination plant, India (Ravindran and Abraham, 2002) (d) OTEC plant, Okinawa
Japan (Yamada et al., 2009)

24  Global Potential of Ocean Energy

The power generation from ocean energy has a lot of potential, however until
now the technology is not yet commercialized. The globa potential of electricity
generation by ocean energy is promising though not yet marketed because its
generation technologies are not widely demonstrated and the plants are not well
developed. A number of researches have been conducted by many parties because
they have seen the potential of OTEC as power generating system. The ocean energy
has seen to be a future green power generation technology since there are many
existing proposed power generation plant. As shown in Figure 2.8, the OTEC
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technology has a big potential since the source input is available in 24 hours per day.
OTEC technology is capable to extract 3-11 Terawatt-years from available 23000
Terawatt-years of energy per year which make an OTEC is the highest renewable
energy to produce electricity over the years.
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Workd anargy use is anneal

Figure2.8 Sources of power generation (Abu Bakar Jaafar, 2016)

25 Seawater Desalination

This sub-chapter will cover existing methods used for seawater desalination
technologies and the previous research of low vacuum desalination. There are
numerous advanced technologies that have been developed for seawater desalination
plants. Many aspects such as geological aspect, design and energy consumption have
to take into consideration in order to build up a decent plant. Desalination technology
isvery popular in the arid region such of Arabia and North African region. Although,
the ‘Water Rich’ regions are available but the water quality is low due to the
contamination, thus people have to rely on desalination technology to get freshwater.

Humans do need water for circulation, respiration, and converting food to energy.
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After oxygen, water is the body's 2™ most important needs. Simply said, humans
need water to survive. This means that desalination technology is very important to
generate safe water supply and indirectly contributes significant effort to global
sustainability. Generally, al the desalination methods have the same concepts and
basic principle. The main objective of the desalination process is to separate the
contained brackish or salty water. The brine is disposed off as waste from the
desalination processed. All desalination process needs the energy to convert saline
water to freshwater as shown in Figure 2.9. Different type of desalination needs
different capacity and energy consumption. A lot of technologies have been
developed for desdination every year and it will continue be better for future
technologies on the basis of thermal distillation, membrane separation, freezing and
electrodialysis (Ellabban et a., 2014).

Saline Water
(Brackish or sea water)

l

Energy Fresh water

—31 Desalting Device [

l

Brine

Figure2.9  Desdlination principles (Banat, 2007)

Multi-stage flash (MSF) and multi-effect distillation (MED) are the types of
thermal desalination used frequently. This desalination process was described as the
process of heating the water solution and collecting the portable water yield when the
vapor cools and condensation occur (Gude, 2015). Reverse osmosis is the process
that uses a semi permeable membrane to remove larger particles from drinking water.

Normally, reverse osmosis is aways being selected to undergo the desalination
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process due to low specific energy consumption (Miller et al., 2015). Figure 2.10
shows the commercia desalination process available nowadays.

DESALINATION TECHNOLOGIES
|

Y Y

Membrane Thermal

ElectroDialysis Reverse Osmosis

| |

‘ Multi-Effect Distillation ‘ ‘ Multi-Stage Flash ‘ ‘ Vapor Compression ‘_'

o

Figure2.10 Desalination technologies (Ghaffour et a., 2014)

2.6 Thermal and M embrane Desalination Process

In thermal desalination process, the freshwater will be separated from saline
or brackish water by using the phase-change concept. It occurs within two ways
either by evaporating (i.e. using flash evaporation) the saline water and condensing
the steam generates by evaporation processed or the other way is by producing fresh
ice crystal by freezing the water and go to the separation process, then melting the
ice crystal. The process applying this concept is MSF, MED, single effect
evaporation coupled with vapor compression (SEE-VC) and a solar drive method
distillation.

In MSF process, the feed water is being heated at the certain temperature and
enter into a depressurize evaporator to flash into steam. It can be worked by using a
single stage or various stages, where the following stage must have a lower pressure
than previous stages. The MSF can be divided into heating section, heat recovery and
heat rejection section asin Figure 2.11.



23

'\(";57 Product
roduc
J’:ﬂ' 'H_WT"-' Freshwater

S5 Brine - Discharge
Brine

Heating Section Flash and Heat Recovery Section
1 st stage 2nd stage 3rd stage
o= e
Steam in| ; i o= Feed
= ) Seawater

Condensate High temperature Low temperauure
return to boiler  High pressure stage Low pressure stage

< Multi-Stage Flash Distillation(MSF)>

Figure2.11  MSF process with brine circulation (Tayyebi and Alishiri, 2014)

The MED process is quite similar to the MSF process in terms of flash

evaporation concept. In the MED process the feed seawater will flow through a

number of evaporators in a series called effect. Then, the vapor from one series will

subsequently use to evaporate the next series. MED uses the principle of evaporation

and condensation at a various ambient pressure for every effect as shown in Figure

2.12. The membrane desalination process is a very popular and common method

used for desalination because of the freshwater production. This is because the

freshwater produced has high quality and economical viable due to low specific

energy consumption.
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Figure2.12 MED process (Palenzuelaet al., 2014)
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Reverse Osmosis (RO) and electrodialysis (ED) are desalination process
which uses a membrane. The RO process involves high pressure to force freshwater
to permeate through a semi-permeable membrane and leaving waste brine with high
salinity behind. The feed seawater will pass the pre-treatment processed before
passed the membrane to remove the unwanted particles that will plug the membrane.
For the ED process, it needs electrical energy that caused salt ion electrically charged
to move through the selective ion exchange membrane that leaving behind the low
salinity of water production. The differences between this processes is that the RO
process drive high force while the ED process uses electrical energy to operate. Both
processes will leave the high concentration of brine to the other side. The schematic

of RO process and ED process are shown as in Figure 2.13 and Figure 2.14

respectively.
Pretreatment High pressure Membrane
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waler
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water
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water
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Figure2.13 Schematic of Reverse Osmosis Process (Altaeeet al., 2014)
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Figure2.14 Schematic of ED process (Charcosset, 2009)
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2.7 Desalination for Water Supply and Sustainability

As of 2013, the total number of desalination plants in the world is more than
17000 plants. Their global capacity is more than 80 million cubic meters per day
coming from 150 different countries around the world and more than 300 million of
people rely on desalinated water for their daily needs. The current production of
freshwater nowadays has recorded an increase of twice compared to a decade ago.
From Figure 2.15, RO process has takes the mgority of the global installed capacity
while the MSF and MED process are on the second and third place respectively. The
projection of total capacity isincreased up to 98 M m%d in 2015 when the case study
conducted on 2013. The capacity of freshwater keeps increasesis not only because of
freshwater demand but also due to the significant advancement and cost reduction in
producing freshwater. By mean, the current and future desalination method with

technology advancement can support the water demand to meet the future needs.

Other 0.65%
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Figure2.15 Installed (left) and forecast (right) desaination capacities by
technology (as of first quarter of 2012) (Ghaffour et a., 2013)

2.8 Energy Consumption for Desalination

In desalination process, the heat whether from the boiler, waste heat, steam
turbine heat or from the electricity is used as energy. Energy consumption of the
desalination plant depends completely on the technique used to convert the saline
water. The other main factor influenced the energy required for freshwater

production are the plant capacity, the feed water treatment, salinity, temperature and
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the quality of the water. Figure 2.16 shows the comparison of the characteristics of

the main desalination technologies.

MSF MED-TYLC MED MVC RO

Typical unit size m*d” | 50,000- 10,000 - 35,000 5,000 - 15,000 100- 2500 | 24,000

70,000
Electrical Energy 4-6 15— 1.5 1.5- 15 7-12 3-55
Consumption kWhm
3
Thermal Energy 190 {GOR 145 (GOR=16)-  |230(GOR=10)-  |None None
ConsumptionkJkg*' |=122)-390 |390(GOR=6)#  |390({GOR=6)

(GOR =6)
Electrical Equivalent | # # # None None
# for Thermal
Energy kWh m? 9.5-19.5 9.5-25.5 5-8.5

e - — - = - - ==

Total Equivalent 13.5- 15.5 11-128 f.5 - 1i 7-12 3-35(Uptoy
Energy Consumption with Boron
kWh m?3 treatment)

Figure2.16 Energy consumption for desalination (Dessne et al., 2015)

Figure 2.17 shows the parameters in MSF, MED and SWRO desalination
process. This result has been presented by Sami Mutair (2013) during OTEC Africa
Conference. For MED and M SF, the unavoidable disadvantage is the larger specific

energy consumption required to heat the feed water. Alternatively, an integrated

plant that makes use the energy extracted from the turbine will be an advantage in

term of energy consumption. That is the reason why the RO process is more

economical than another process. Besides, thermal plant integrated with the power

generation plant is one of the solutions to overcome the high energy and power

consumption needed for the desalination plant.
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Main Technical

Parameters Ll

Raw water Low Low Verv high
[ -Baig-0ii - |8l requirement | requirement VS
Operating :
temperature (°C) S <120 Ambient
Raw water
utilization 15-40% 12-25% 35-40%
efficiency
Product quality
in TDS (mg/L) 5-10 5-10 300-500
Main energy Vapor, Vapar, ..
LY 3l electricity electricity Elceuicity

Figure2.17 Comparison Parameters of Desalination. (Ghaffour et al., 2013)

29 LTTD Plant

The working principles of LTTD plant have been discussed in Section 2.2. In
LTTD cycle the seawater need not be heated until it achieves the saturation
temperature like in the conventional thermal desalination process. It applies the
concept of flash boiling by lowering the pressure at the evaporator flash chamber and
condenser. This process is cost effective rather than preheating the seawater. India
has come out with the first floating 1 million liter per day (MLD) of LTTD plant as
shown in Figure 2.18 (Kathiroli et a., 2008). Previously, NIOT has successfully
commissioned a 0.1 MLD plant at Kavaratti 1sland in Lakshadweep, which has been
operating since May 2005.
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Figure2.18 TheFirst Floating LTTD Plant by NIOT, India.

210 OTEC Plant

There are severa types of the OTEC cycle namely, an open cycle, close cycle
and hybrid cycle. Figure 2.19 shows the location of completed, in development,
planned and proposed OTEC projects around the world. During the 70’s and 80’s
countries like the United States, Japan, and several other countriesbegan
experimenting with OTEC systems in an effort to bring this technology into reality.
It has been established that Malaysia has the capacity to generate power from OTEC
with the heat stored in the deep waters (over 700 meters in depth), covering a tota
areaof 131,120 sgquare kilometers, off the states of Sabah and Sarawak.
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Figure2.19 Completed, in development, planned and proposed OTEC plant
around theworld (Bkleute, 2016)

211 Integration Cycleof OTEC

The common working principle of OTEC is close-cycle (Organic Rankine
Cycle) and its advantages are that it is more compact than an open-cycle system and
can be intended to deliver the same amount of power. The closed-cycle can likewise
be designed by utilizing effectively existing turbo machinery and heat exchanger
design. However, the main technical limitation in OTEC cycle is a low
thermodynamic efficiency, which lies between 3-5 % due to the small temperature
difference between hot surface water and cold deep sea water. There are many
researches that have been conducted in order to increase the efficiency of the OTEC
cycle. Some of the researchers have made a modification towards a Closed Cycle
OTEC to increase the efficiency. They have come out with the different cycle, which
known as Uehara Cycle (Ueharaet a., 1999) and Kalina Cycle (Sun et al., 2014).
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212 Heat Exchanger

The heat exchanger is the main device used for the OTEC and desalination
systems. The heat exchanger is targeted to the efficient transfer of heat from the hot
fluid flow to the cold fluid flow. There are also special cases of heat exchanger like
condenser and evaporator or boiler when the fluid flow changes from vapor to liquid
and when the fluid change from liquid to vapor respectively. The heat exchanger is
one of the major cost that covers about 25 — 50 percent of the plant cost (Uehara et
al., 1988, Ikegami, 1990). As such, it will be one of the objective functions for the
optimal design consideration. The value of the overal heat transfer coefficient will
vary depending on the designer or constructor that is based on the acceptable
designated value. The larger thermal conductance of the heat exchanger will givein
advantage in terms of better surface heat transfer area. Currently, there are severa
types of heat exchanger used commercially. The shell and tube heat exchanger and
plate heat exchanger are the basic types of heat exchanger design although many
other design configurations have been developed. Classification of the heat
exchanger can aso be determined according to the type of fluids used, according to
phase changes and according to the flow direction of the fluid. Figure 2.20 shows the
types of the heat exchanger and the basic design of heat exchanger are presented
below.

Figure2.20 Types of heat exchanges. @) shell-and-tube b) plates c) open-flow d)
rotating-wheel (Hesselgreaves et ., 2016)
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2.12.1 Shell and Tube Heat Exchanger (STHE)

The STHE is the most common type of heat exchanger used in heavy
industries as steam condenser, boilers and residential hot-water and heating systems.
The principle working is that one of the flows goes along a bunch of the tubes and
the other flows come within the outer shell. The configuration of the flows within the
outer shell can bein cross flow or paralel to the tubes. Figure 2.21 shows the design
configuration for the STHE. The baffle in STHE is used to support tube bundles and

direct the flows to the fluids.

Inlet, air

Inlet, water

Qudet, air

Figure2.21 Shell and tube heat exchanger design

The Table 2.1 below shows the advantages and disadvantages of Shell and
tube heat exchanger.
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Table 2.1: Advantages and disadvantages of shell tube heat exchanger (Kakac et a.,

2012)

Advantages

Disadvantages

Can handle heavy duty and high
temperature and pressures

Easy control and operate-able
Less expensive as compared to
Plate type coolers

Can be used in systems with
higher operating temperatures
and pressures

Pressure drop across atube
cooler isless

Tube leaks are easily located and
plugged since pressure test is
comparatively easy

Tubular coolersin the
refrigeration system can act asa
receiver aso.

Using sacrificial anodes protects
the whole cooling system against
corrosion

Tube coolers may be preferred
for lubricating oil cooling
because of the pressure
differential

Required large space

More Maintenance cost

Heat transfer efficiency isless
compared to plate type cooler
Cleaning and maintenance are
difficult since atube cooler
reguires enough clearance at one
end to remove the tube nest

The capacity of tube cooler cannot
be increased.

Requires more spacein

comparison to plate coolers
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2.12.2 Plate Heat Exchanger (PHE)

A plate heat exchanger is a compact heat exchanger where thin corrugated
plates are stacked in contact with each other’s. The two flow fluids are made to flow
separately along the adjacent channel of the plates. Plate’s assembly is shown in the
Figure 2.22. PHE have a large conductance coefficient as for liquid-to-liquid use and
ideally suitable for low viscosity fluids. The number of plates can be adjusted and
configured depending on the need of the heat transfer amount by the process.

Flow Paltern in
Series of Mlates

Figure2.22 Plate heat exchanger (single plates, exploded assembly, assembled)



The advantages and disadvantages of the PHE are shown in Table 2.2.

Table 2.2: Advantages and disadvantages of PHE (Kakac et al., 2012)

Advantages Disadvantages
Negligible heat loss - Not compatible for higher
Overall weight of set isless temperature and pressure say
Fitsin less space above 200°C and 20 bars.
L ess maintenance cost and - Initial cost ishigh since
overal| heat transfer coefficient Titanium plates are expensive
is more - Finding leakage is difficult
Easy ingtallation since pressure test is not as easy
Simple and Compact in size as tube coolers
Heat transfer efficiency is more - Bonding material between

Can be easily cleaned plates limits operating

No extra space is required for temperature of the cooler

dismantling Pressure drop caused by plate

Capacity can be increased by cooler is higher than tube cooler

introducing platesin pairs Careful dismantling and

L eaking plates can be removed assembling to be done

in pairs, if necessary without Joints may be deteriorated

replacement according to the operating

Maintenanceis simple conditions

Turbulent flow helps to reduce Since Titanium is anoble metal,

deposits which would interfere other parts of the cooling

with heat transfer system are susceptible to
corrosion

2.12.3 Heat Exchanger Selection

The heat exchanger used to transfer energy to one and another. In order to
achieve optimum process operations, the proper type of heat exchanger needs to be
selected based on some criteria’s and considerations. To make a better selection, the

better to know how they operate and criteria of the different heat exchanger type.
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Table 2.3 shows the details of the criteria of selection, types of the heat exchanger
and cost.

Table 2.3: Heat exchanger criteria selection

Selection criteria Types of Heat exchanger Cost criteria
Application Shell & tube heat Purchase cost
Operating exchangers Installation
pressures & 1) Baffle types cost
temperatures -Segmental baffles Operating
Fouling -Double segmental cost
characteristics of baffles (pumping,
the fluids -No-tube-in-window fan)
Available utilities baffles Maintenance
Temperature -Rod baffles cost
driving force -EM baffles
Plot plan & -Helical baffles
layout constraints 2) Tube Enhancements
Accessihility for -Twisted tubes

cleaning and -Low finned tubes
maintenance -Tubes inserts
Considerations Compact type heat

for future exchangers
expansions 1)Plate & frame heat
Mechanical exchangers ( gasketed,
consideration semi-welded, welded)

2) Spira
3)Blazed plate & frame
4) Plate-fin heat

exchanger
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2.13 Previous Research

The temperature difference between hot surface seawater and cold deep
seawater even in the tropical area is only 26 - 30 °C. Although OTEC requires
abundant of seawater flow rates, the best thermodynamic efficiency achieved liesin
the range of 3-5% (Aydin et al., 2014). The net power efficiency can be defined as
the net power divided by generated power. In a typical OTEC plant, the net power
efficiency is between 50 - 80% of the system. Many considerable research efforts
have been made to improve the performance of the OTEC system. Since the 80’s,
considerable research efforts have been made in two directions to improve the
performance of the OTEC system (Yeh et a., 2005) . Thermodynamics optimization
based on the process is one of the ways to get the optimum power generation.
Besides, the specific power consumption of the systems also needs to be optimized.
The net power output optimizations have been the main interests in research
conducted to find the maximum power output of the OTEC system theoretically and
practically. There are many input parameters that can be optimized to achieve the
maximum output. The main parameters are the warm seawater and cold seawater
temperature and the feed flow rate of seawater which influenced the performance of
the OTEC system. Other than that, the pipe diameter, pipe length, pumping power,
thermal conductance of heat exchanger, and working fluids can be optimized in order
to figure out the maximum output of an OTEC system (Dincer et al., 2014). A study
conducted by Yeh et.a (2005) found that the maximum output of an OTEC power
plant with the effects of temperature and flow rate of cold seawater. The study
considered the variable parameters based on a specific condition in Taiwan as the
pipe length and diameter, seawater depth and flow rate. The optimization based on
fixed pipe diameter and flow velocities condition. The results show that maximum
power output can be achieved with larger pipe diameter for fixed inlet and outlet
seawater temperature (Yeh et al., 2005). Sun, Ikegami et.a (2012) have conducted a
research of ‘Optimization design and exergy analysis of organic Rankine cycle in
OTEC’ and coming out with derivation and optimization of performance and exergy
efficiency of (ORC) in OTEC system. The paper shows the optimization design with

theoretically approached to find the maximum net power output of work turbine
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A lot of researches have been done based on flash evaporation under vacuum
process to figure out the performance and effectiveness by doing the simulation and
pilot studies. Some studies on low-pressure evaporation have been developed by
many researchers, such as Kumar et a. (2007) who conducted a pilot study and
designed a desdlination system utilizing ocean thermal gradient and system
performance. The study was evaluated by varying the temperature in condenser and
evaporator and pressure in the vacuum chamber. J. H. Tay et a. (1996) has
investigated vacuum desalination application by using the waste heat from a steam
turbine, received from the superheated vapor heater. The results showed that the
desalination ratio of freshwater production is increased. As for Zhijiang and Wang
(2015) modeling and an experiment on Ocean Thermal Energy for Desalination
(OTED) were done. They have modeled the integrated device for evaporation and
condensation using a Siphon process principle in order to get more freshwater with
less energy consumption. From the results of the study, they found that the
temperature difference has affected the yield production. Muthunayagam et a.
(2005) have conducted both theoretical and experimental studies with through their
flash evaporation model at the temperature between 26 °C to 32 °C. The results
revealed, the height change in vaporizer does not give much influence the yield
production. A simulation study also was carried out by Kudish et al. (2003) and the
results obtained was validated with the experimental results. The result showed that a
solar desalination system from their prototype is capable of producing 11 kgmd™ of
freshwater on a sunny day. Experimental study on spray flash desalination was
demonstrated by Ikegami et a. (2006) by investigating the direction of injection and
the result showed the spray flash desalination more efficient with using an upward jet
method. A simulation model for the spray flash desalination system was studied by
Satoru Goto et a. (2008) by using energy conservation and mass conservation law.
The results obtained are compared with experimental study results. The constant
condition and the properties of the fluid in this study were derived by PROPATH. In
order to solve the energy and environmental problem for power generation and
freshwater production, Nakamura et al. (2009) has developed a simulation model of
integrated OTEC and construct a desdination plant. The sdinity level aso
influenced the production of freshwater generated and quality of the freshwater from
LTTD plant (Balgji et al., 2016). To propose the power generation and desalination

system, previous research and study are highly recommended in order to achieve the
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proposed system performance and intended results. All the data and results from the
previous research can be used as a reference and guideline to construct the future
OTEC-LTTD plant.

2.14 Conclusion

The methods of generating electricity by using renewable energy have been
discussed in this chapter. There are many researchers have been conducted and
available plant that have been operated in order to use clean energy so as to protect
our mother nature. This is essential as the current electricity generation is highly
dependent on fuels, natural gas and coal which create a negative impact to the
environment. Ocean is one of the sources used to extract the energy that containsin it
to produce electricity. Severa methods of generating electricity using the ocean as a
medium are the wave, tidal and thermal energy as have discussed before. Thermal
energy as OTEC is a clean and stable energy as the source of seawater is relatively
abundant rather than other ocean energy method. The other input is the temperature
gradient that can be extracted through the depth of the ocean. Many case studies have
been conducted in order to improve the OTEC efficiency, performance and system
design towards commercialization. The main input parameters are the temperature
and seawater flow rate that give a huge impact of performance to the OTEC system.
This interest to conduct the study is based on simulation of the input parameters to
generate 1 MW of OTEC system. Beside electricity generation, OTEC also have by
product such as freshwater and hydrogen which can be extracted from the OTEC
plant. In order to produce freshwater, the desalination plant consume high electricity
as have been discussed in Section 2.8. Furthermore, the other desalination system as
MSF, MED, SEE-VC and RO have some disadvantages in terms of requirement of
the plant to start operating as heating the seawater to the required temperature for
MSF and MED and pre-treatment process for the RO plant. LTTD seems to be the
effective technology needed to produce freshwater by creating vacuum condition to
the system plant. It is also beneficial as well rather than the others concept. Thus, for
this study, the simulation have been conducted to generate electricity and freshwater
production by integrate the OTEC and LTTD plant. The freshwater produced can
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boost the OTEC plant rather than by drawing the seawater intake from surface and
cold deep seawater from the OTEC system. The model of calculation and

optimization is also presented in the methodology section.



CHAPTER 3

METHODOLOGY OF PRESENT STUDY

This chapter will cover on the flow and design parameters for the integrated
OTEC-LTTD plant by conducting a simulation for this study. Numerous research
studies have been done on the flash desalination process. In order to get the
optimization of input parameters, it is essential to improve the component design in
OTEC-LTTD plant so that it is able to generate freshwater production with less
energy consumption. This chapter will discuss more on the problem-based design
and mathematical modeling under specific parameters in order to achieve 1 MW
turbine and produce more than 1000 t/d by using temperature of cold seawater at

depth of 1000 m. The process flowchart is shown asin Appendix H.

3.1  Seawater Thermophysical Properties

The salinity in this study is assumed to be 35 g/kg same as in case study
conducted at Sabah (Arsad and Akhir, 2013). The mathematica equations of
seawater thermo physical properties are referred to Mostafa H.Sharqawy et a.
(2010). All the properties of seawater results are presented in terms of regression

equation as the functions of temperature and salinity.
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3.2 Integrated OTEC Design (OTEC-LTTD)

The model design for OTEC system followed Sami Mutair Study (2013) and
LTTD design is different with a Sami Mutair study which consist simple
configuration of basic principles of LTTD model. The Sami Mutair design as shown
in Figure 3.1 which consists of DCC, plate heat exchanger and cooling water pump.

— | T~
g Turbine D /
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-

Back 1o 5

‘ ll:‘ Cobd Seawaler

‘ %_mﬂ'am Soawater
'y
A

Figure3.1  OTEC-LTTD plant simulation by Mutair

For the integrated OTEC desalination plant, the proposed system consists of
the OTEC plant part and the desalination plant part as shown in Figure 3.2. The
desalination plant receives the surface warm seawater from the outlet of the OTEC
evaporator, and then it flows into the flash chamber. Otherwise, the outlet of the cold
seawater from the OTEC condenser will flow into the condenser in the desalination
plant. The vacuum pump 1 at pre-deaerator is used to evacuate half of the unwanted

gases before entering the flash chamber. Vacuum pump 2 will create a vacuum
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condition by lowering the pressure in the flash evaporator and the desalination
condenser then release the other unwanted gases contained in the system. The vapor
from the flash chamber will flow to the desalination condenser by different pressure
condition. It will condense through the desalination condenser when coming into
contact with cold seawater drawn in OTEC condenser, thus the freshwater is
generated.

GENERATOR

TURBINE

-  —

— EVAPORATOR
CONDENSER
—
@

WORKING FLUI D PUMP

PRE-
DEAERATOR

-+

FLASH
CHAMBER DESALINATION

CONDENSER

—

VACUUM PUMP 1

. WSPUMP 1
—~

._ CSPUMP 1
-y
VACUUM PUMPZ.

Figure3.2  Schematic of OTEC-LTTD plant (This study)




43

3.3  Calculation Methods (Optimization Technique) by Simulation

The present study aims to optimize the performance of an existing flash
desalination and integrated OTEC desalination system. The simulation input is
shown in Table 3.1 where the thermal conductance value is found to be the optimum
value to generate 1 MLD of freshwater for standalone LTTD plant. The cold
seawater temperature taken is based on the lowest temperature taken for OTEC-
LTTD plant in this study so to generate 1 MLD OTEC-LTTD plant at 30 °C of warm
seawater temperature intake. Table 3.2 shows the therma conductance of 11.0
MW/°C to be the optimum value to achieve 1 MW turbine power. Based on fixed
thermal conductance of all heat exchanger, the mass flow rate of warm and cold
seawater intake varies from 26 °C to 30 °C with fixed cold seawater temperature at 4
°C. The design is made to achieve freshwater production of more than 1 MLD with
24 MWh/d electricity generations. The different depth of cold seawater intake aso is
taken into consideration to compare the net power output of the system. The highest
cold seawater temperature is taken at 6 °C in order to maintain the temperature

difference of 20 °C from the lowest temperature of warm seawater at 26 °C.

Table 3.1; Parametersfor 1 MLD LTTD

Parameters Value

Mass seawater flow rate, mys=mes 663 kg/s

Thermal conductance of heat exchanger | 2.67 MW/ °C (OPT)
Inlet warm temperature 26 °C

Inlet cold seawater Temperature 4°C

Depth of intake cold seawater 1000 m

The simulation of 1 MLD or the stand-alone desalination plant is to show the
significance of input parameters of LTTD plant. The main input parameters are warm
and cold seawater temperature and flow rate. These need to be configured in order to
integrate with OTEC plant.



Table 3.2;: Parametersfor 1 MW OTEC-LTTD

Parameters Value

Mass seawater flow rate, mys=mes 1796.8 kg/s— 1198.0 kg/s

Thermal conductance of al heat | 11.0 MW/ °C (OPT)

exchanger

Inlet warm temperature 26 °C-30 °C (Tropics data Temperature)
Inlet cold seawater Temperature 4°C-6°C

Diameter of pipe 12m

Depth of intake cold seawater 760 m-1000 m (Idris; et al., 2014)

The integration of OTEC model follows the construction model of
desalination plant (Goto et a., 2011) and integrated OTEC design (Nakamura et dl.,
2009). The initia condition applied in this study is shown in Table 3.3. Its design is
based on 4 °C cold seawater temperature at 1000 m depth. The warm seawater
temperature of 26 °C was taken as the lowest temperature intake for the tropics
temperature condition. Based on this temperature intake, the value of required warm
seawater and cold seawater intake, optima thermal conductance of all heat
exchanger, and mass flow rate of working fluid were selected in order to achieve
1000 kW turbine power. Based on the required mass flow rate of warm and cold
seawater to achieve 1000 kW turbine, the optimal value of pipe diameter was
selected based on the minimum losses where contribute to the higher net power
output. Table 3.4 shows the average warm seawater temperature over the years data
recorded in Kudat (Kryuchin, 2017), Sabah that will be taken into the simulation to
generate data based throughout the year.

For OTEC-LTTD plant, the simulation of OTEC plant model flow chart is
shown as in Appendix I. The input operating data is set as in Table 3.3. The system
will guess the Ty, based on using iterative methods. With guessing the Ty , the
system will caculate the Qe = Q¢ Tc and Teg of the system. Then, the
Thermodynamics properties of the working fluids can be determined by using
Propath which integrated with the Fortran ssimulation. The heat balance of the system
is determined based on error 0.001. For the simulation, the flow rate of the working
fluid is variable in order to achieve the maximum turbine power output. After getting
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the maximum power turbine output, the freshwater production is calculated based on
equation in Section 3.6. The system performance is determined by produced the

maximum power output based on proposed plant configuration.

Table 3.3: Initial condition of simulation

Parameters Value
Turbine generator power, Wy 1000 kW
Turbine efficiency, nr 0.90
Generator efficiency, ne 0.95
Warm seawater intake pipe 20m
Cold seawater intake pipe 1000 m
Diameter of seawater pipe 1.2 m (OPT)
Warm seawater temperature 26 °C
Cold seawater temperature 4°C

All pump efficiency, np 0.85
Plate heat exchanger length 2m

Table 3.4: Warm seawater temperature data at Kudat, Sabah

Month Temperature (°C)

27.6
27.3
27.6
28.6
29.5
29.9
29.8
29.3
29.1
29.3
294
28.9
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34  OTEC Cycle Equation

In the evaporator, the working fluid is vaporized in the evaporator by
receiving heat from the warm seawater. The energy balance equation at each side of

the evaporator can be written as Equation 3.1.

Qe= Mw<CPus(Twsi-Tso) = Mu(ha-ha) (3.1)

The seawater is assumed as an ideal incompressible fluid. The enthapy and entropy
of the working fluid, which is the function of pressure and vapor quality, were
determined from PROPATH. Overall heat transfer coefficient and effective surface
area of the evaporator correlates with the heat addition rate is shown in the following
Equation 3.2.

Qe=UeAelATime (3.2

where AT is the Logarithmic Mean Temperature Difference across the evaporator,

and the effective thermal conductance UgAe can be approximated as in Equation 3.3.

1 1 1
= +
UpAg Ry Ap Ry Ag

(3.3)

Basically the energy balance equation for the condenser is same like evaporator and
written asin Equation 3.4.

Qc=Mes CPes (Teso-Tes ) = Mt (z-hs) (3.4)
The heat transfer area of the condenser can be defined asin Equation 3.5.

Qc=UcAcATinc (3.5

Where the effective thermal conductance, UcAc can be approximate as in Equation
3.6.

(3.6)

= +
UcAc  hw Ac hy Ac
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The Logarithmic Mean Temperature Difference across the evaporator and condenser
is correlated as below.

For condenser, it can be calculated as in Equation 3.7.

ATimc=T1. —1, /b % (3.7)
For evaporator, it can be calculated as in Equation 3.8.
ATime=1,, =1, /b ::: :: (3.8)

35 Turbine Generator Power

The turbine generator power can be calculated from the product of mass
working fluid flow rate, my and the adiabatic heat loss across the turbine. The
equation can be defined as in Equation 3.9.

Wr.g =m NrNe(ho-ha) (3.9

where, nt and ng are the turbine isentropic efficiency and generator mechanical
efficiency which assume as 0.9 and 0.95 respectively (Nihous and Vega, 1993). By
considering turbine power and pump powers, the obtained net power alows for the

calculation of the net thermal efficiency asin Equation 3.10.

N = Wr/ Qe (3.10)
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Figure3.3  T-sdiagram of the Closed Rankine cycle.

The calculation of the quantity states at each point (1-4) will be calculated by
applying an iterative method with initial assumptions of the outlet of warm seawater
and cold seawater temperature. The values of Qg and Qc for seawater side were
calculated by using Equation 3.1 and Equation 3.4 respectively. The evaporation and
condensation temperature (Tg; Tc) were identified by Equation 3.6 and 3.7. Both their
values will be used to find the quantity states at each point by linking to PROPATH
to get the value of each state based on Organic Rankine Cycle. For the heat and mass
balance of the system at the evaporator and condenser side, the Qg for the working
fluid side was determine for both of heat exchanger. Both of each side of evaporator
and condenser for seawater and working fluid side heat balance was determine by
using iterative method by applying absolute error of 0.001. After specifying the flow
rate of warm and cold seawater, the pumping power of cold seawater and warm
seawater will be determined by applying equation as discussed in pumping power
section. The turbine power and net power generation was calculated by using
Equation 3.8.
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3.6  Optimization of LTTD Plant

For the standalone plant, the intake of warm seawater inlet temperature at
flash chamber and cold seawater inlet temperature at desalination condenser is based
on temperature data at surface warm seawater and deep cold seawater respectively.
But, for the integrated OTEC-LTTD plant, the flash chamber inlet temperature and
desalination condenser inlet temperature are dependent on the OTEC outlet
temperature of evaporator and condenser respectively. For complete flash
evaporation process, the flash chamber temperature exit, T, IS greater than the
generated steam condensation temperature, T by the amount of  boiling point rise,
‘BPR’ associated to the salinity of the seawater, obtained from Mostafa H.Sharqawy
et a.(2010). The flash chamber exit temperature, Ti, IS evaluated as Equation 3.11.

Tico- Teat + BPR (3.12)

The heat flow in the flash chamber Q. is calculated as Equation 3.12.

Qtc = M wsCpns (Tei = Tteo) (3.12)

For equilibrium, the amount of heat released by the flash evaporation of

warm seawater at the evaporator must be balanced with the amount of heat added
to the desalination condenser, Qq. defined as Equation 3.13.

Quc=MesCpes( Taco~ Taci) (3.13)

And the Logarithmic Mean Temperature Difference of PHE of desalination
condenser, AT 1S calculated as Equation 3.14

ATimge= Qdc/UAGe (3.14)
where the UApc is the thermal conductance of the desalination condenser. Once the

thermal equilibrium between the two streams is established, the flow rate of distilled
water my, IS then calculated as Equation 3.15
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my =" Cr ) (3.15)

Where L isthe latent heat of vaporization.

3.7  Pumping Power

The total pumping power, WP exerted in the various pumping lines of the
OTEC-LTTD plant iswritten as Equation 3.16.

V\Ptot: (vaws+ V\Pcs+ VVP\Nf+ vavp) / r]p (316)

Where the parameters in the nominator refer, respectively, to the pumping power of
warm seawater line, cold seawater line, working fluid line and the vacuum pump
power exerted for eliminating the non-condensable gases contained in the feed

seawater. ), in the denominator is the pump efficiency.

3.7.1 Warm Seawater Pumping Power

The warm seawater pumping power can be defined as Equation 3.17 below.

1 AH,
W, ="t (317)
Where AH,, is the total head difference of the warm seawater piping, mys iS mass
warm seawater flow rate, g is gravitational acceleration, 9.18ms? and Nwsp 1S the

efficiency of the warm seawater pump. AH,, can be evaluated asin Equation 3.18.

AHys= AHys,pent AHws,fric + AHws,pHE (3.18)

Where AH,s,pen IS the equivalent head imposed by the difference between the density
of seawater at the intake depth and the average density of the seawater column
located above the intake level where evaluated as Equation 3.19.
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AHusen =Lus - == (5 (o + P Yy ) (319)

Where Lsis the warm seawater pipe length, and p,, and p. isthe density of warm
and cold seawater respectively. The frictional head loss, AHys,iic 1S calculated by
Darcy equation as Equation 3.20.

L
f Wb G-

Aty s 2gHw

(3.20)

where u,, isthe viscosity of the warm seawater. f is the friction factor obtained for

turbulent flow by solving Colebrook equation as Equation 3.21 below.

1 /Dw
\‘f_f = —2l¢ 1 (3—?4—

25
R \f

(3.22)
where € is the surface roughness of the used pipe taken as 0.03x10° m. Dys is the
pipe diameter of warm seawater. V,ysis the flow velocity of warm seawater evaluated
as Equation 3.22.

V, =—2— (3.22)

Aw pw

Reynold number in warm seawater diameter pipe can be calculated as in Equation
3.23.

R, =2wtwDy (3.23)
Hw
The AH,, p isthe head loss in the cold seawater-side of the PHE, calculated by

Darcy equation using the head loss coefficient obtained for the used plate from
Taborek (Mutair and Ikegami, 2014) as Equation 3.24.
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oV p G2
AHy p =—0 — De_w (3.24)

Where f,s the friction factor obtained from Taborek 1988 for 60 degrees chevron
plate (heat exchanger design handbook) as defined in Equation 3.25.

fw = (4)(0.678)R %2 (3.25)

The Reynold number in the plate heat exchanger at the evaporator calculated as in
Equation 3.26

R, = Pw Vw l,:w De w (3.26)

where,VispHEe iS the velocity of warm seawater at the plate heat exchanger,Deqs is

the equivalent diameter evaluated asin Equation 3.27.

De w =20 (3.27)
where o is the clearance which assumed to be 0.005. For the stand alone LTTD
plant, the warm seawater pumping power is set and assumed to be the same as OTEC
seawater working pump. The head loss in evaporator is assumed to be the same as

the head loss in the flash chamber. For the OTEC-LTTD plant, the working pump for
seawater considered at OTEC plant follows the Sami Mutair (2013) study.

3.7.2 Cold Seawater Pumping Power

For the cold seawater pumping power, the equation and a calculation made
for the warm seawater pumping power to be followed by using the input parameter
for the cold seawater data from Equation 3.17 to Equation 3.27.

3.7.3 Working Fluid Pumping Power

The working fluid pumping power can be evaluated as Equation 3.28.
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WP, = MuWp Np (3.28)

Where the Wp is the specific pumping power of the working fluid calculated based
on ORC of the system.

3.7.4 Vacuum Pumping Power

The total vacuum pump power, Pvp is calculated as the sum of the powers
necessary to evacuate the non-condensable gases released in the system in two
stages. In the first stage, half of these gases is released in the pre-deaeration chamber
at pressure of around 17 kPa and evacuated by compression to a pressure of 30 kPa
and with re-injection into the warm seawater effluent. In the second stage, the non-
condensable gases are released into the flash evaporator that are drawn with the
generated steam to the desalination condenser and rejected by compression to the
ambient atmospheric pressure. The total vacuum pump power is expressed by the

following Equation 3.29.

Pwp= Pyp1+ Pyp2 (3.29)

where P,,1 and Py, evaluated as Equation 3.30 and Equation 3.31 respectively.

. ky-1
Py = TS +27315)() R — 1) and 530
nimy KyRy kuRu Pai fut
Py 2= Sa— ot {(ls +27315)((F) W — 1) (3.31)

Ka is the specific heat ratio of air taken as 1.4, R, is the standard air constant value
taken as 287 j/kgK and n is the mass concentration of air in feed seawater taken as
19.36 mg/kg based on the Hawaii experiment, Vega (Mutair and Ikegami, 2014).



54

3.8  Optimization of required Warm Seawater and Cold Seawater Mass Flow
Rate, Optimal Piping Diameter and Thermal Conductance, UA of the system

Inlet and outlet intake temperature of warm and cold seawater and mass flow
rate of warm and cold seawater are the main input parameters affecting the OTEC-
LTTD system. The temperature will affect the output of turbine generator and
influence the mass seawater flow rate of warm and cold seawater intake of the
system. Thus, the optimization of the system will start with the required mass flow
rate of the plant in order to generate 1 MW turbine power. The range of required
warm seawater needed to produce required turbine power output can be determined
by using the Equation 3.32.

Yo Y22
Wy, = e _Ze D (3.32)

Cyw 1-Cc ™

Where C,sand Csevaluated as Equation 3.33 and Equation 3.34 respectively.

Cws= MusCous and (3.33)

Ces= MesCpcs (3.34)

Cp is the specific heat capacity of seawater. The value of required warm and cold
seawater mass may not be accurate due to some assumptions that have been made
before proceeding to use the equation. Warm and cold seawater flow rate is set to be
the same. After getting the required seawater flow rate, the iterative method is used
to find the exact mass seawater flow rate required by using method as discussed in
Section 3.4.

The selection of pipe diameter is one of the most important parameter in
determining the friction loss in warm and cold seawater pumping power. The mass
flow rate will be the constant parameter in identifying the suitable pipe diameter. The
velocity inside the pipe is related with the cross sectional area. As mentioned in
Equation 3.21, the cross sectiona areaisinversely proportional to velocity inside the

pipe. For example, if the pipe diameter increases, the velocity of the fluid will be
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slower and the friction loss reduced due to less friction occurs in the pipe diameter.
The head loss due to friction will contribute to the total head loss in both piping
system and affecting the calculation of pumping power in Equation 3.34. As such,
the selection of the pipe diameter is based on the lowest reading of the total pumping
power and highest value of net power output.

The thermal conductance value can be determined by fixing al the input
parameter asin Table 3.2 for warm seawater temperature at 26 °C and cold seawater
temperature at 4 °C. In order to generate 1 MW of turbine power output, the mass
flow rate of warm and cold seawater and mass flow rate of working fluid will be
variable. The program for the plant is set to find the required thermal conductance
that can achieved net power output not less than 80 % of the power generated by the
turbine. The system need to be set with the lower thermal conductance value that can
achieve the required net power output. The thermal conductance value also can be set
higher and have it finite value. That’s the important to set the required thermal
conductance value based on net power output to achieve. The value of heat

exchanger area can be calculated by using Equation 3.6 and Equation 3.3.

3.9 Assumptionsand Limitation of the Research

The research has been conducted based on prediction for an observed
phenomenon. There are some assumptions and prediction made for this simulation
study based on some criteria by acknowledging the theoretical design and rea plant
design. The assumptions made in the simulation are as follows (Nakamura et al.,
2009, Goto et al., 2008, Goto et a., 2010) :

i.  Thecycle of the OTEC system based on ORC cycle.

ii.  The main devices for the OTEC systems and desdination systems are
steady-state and steady-flow devices.

iii.  The potentia and kinetic energy of the ORC cycle can be neglected.
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iv.  Thereis no leakage for the systems (no time delay) and no pressure drop
of the systems.

v. Thesaturated vapor enters the turbine at the ideal quality of the vapor.

vi. ldeal phase change at the saturated state occurs in the condenser and

desalination condenser.

vii.  Complete flash evaporation achieved in flash chamber.

viii.  Theerrorsin heat transfer rate of the system calculated as 0.001.

3.10 Validation Technique

"The validation is based on the software’s used, fluid properties and
comparison study of previous studies that was conducted by Sami Mutair (2013).

3.10.1 Software

In order to conduct the study, the main software program used is Visuad
Fortran. This program was chosen because it is easy to maintain and writing the
program on windows. It is also possible to use graphica Integrated Development
Environment (IDE) to compile, run, and debug with the previous Fortran software.
Besides, the program features is easy to understand and use them to produce
efficient, maintainable, and portable code which can collaborate and integrated with
other software. The program is aready been established and the first standard has
been endorsed by American Standard Association, ANSI (Meek, 1990).

3.10.2 Thermodynamic Propertiesof the Fluids

There are many types of working fluids that can be used for the OTEC cycle.
The criterion that the working fluids must have is a low boiling point so that the

working fluids can evaporate with seawater as contact fluids in the evaporator. This
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study will compare the selection of the best three of working fluids which are
ammonia, R134 and R22 types. The results will show why is the ammoniais selected
to be the best working fluid based on some specific criteria.

The thermodynamic properties of the working fluid are derived by using
PROPATH, a program package for thermo physical properties of the fluid. The
Version 13.1 and released in 2008 was developed and distributed by PROPATH
Group. There are several types of packages for users to find the thermo physical
properties of fluids as by excel program known as (E-PROPATH), single shot
program by referring this subroutine in internet package and computer program
package as used in this study. PROPATH is a subroutine or a function type computer
programming for thermo physical properties of fluids written by Fortran77. The
properties can be extracted by writing a special function as stated in the user’s
manual. Figure 3.4 shows the data extracted by PROPATH and from the
Thermodynamics. and engineering approach book written by Cengel et.al. referring
to Dixon and Hall (2013). Based on both data value, the error calculated is 0.000164
and therefore the properties derived by PROPATH are acceptable.

L (kJ/kg)

1500 -+

TIna

1100 -

Propath Value

- Cengel Value
900

700 A

T ISOO T T T T T 1 T(OC)
60 -40 -20 0 20 40 60 80 100 120

Figure3.4  Enthalpy data obtained by PROPATH program and Thermodynamics
by Cengel book (Dixon and Hall, 2013)
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3.10.3 Seawater

Seawater is the main input parameter for the OTEC plant and the desalination
plant and needed for designing both of the OTEC and the desalination plant. The
details of the source, validity, and accuracy of each properties’ function can be found
in Matlab, EES, and Jacobians format which can be run on all computers that
supports those software respectively (McDougall and Barker, 2011, Morgan, 2006).
The full properties of seawater can be referred as Appendix A - G. In a Visuad
Fortran program, all the seawater function equations will be written as a subroutine
of the program whereby the call function of the specific main program to call the
results is based on specific temperature and salinity. Figure 3.5 shows the data
generated by using a Matlab program by the GSW toolbox with a Csiro seawater
library of EOS-80 that have been superseded by the GSW Oceanographic Toolbox
with a salinity of 35 g/kg. The data of CSIRO refer to Mostafa H. Shargawy (2010).
A significant change is compared with past practice as GSW uses Absolute Salinity
SA (mass fraction of salt in seawater) as opposed to Practical Salinity SP (which is
essentially a measure of the conductivity of seawater) to describe the salt content of
seawater. Ocean sdlinities have units of g/lkg. The figure aso shows the thermo
physical properties of water by Roger and Mayhew, Engineering Thermodynamics
book (Rogers and Mayhew, 1995). The data show the properties of seawater and
water at 20 °C to 30 °C at atmospheric pressure. The data generated by this program
is valid since it has been endorsed by SCOR and IAPSO. It is also paralel with
Roger and Mayhew and the difference because of the different properties available of
the fluids. The percentage difference of seawater and water islessthan 5 %.
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Figure3.5 Datagenerate of enthalpy of seawater by GSW, CSIRO and water by
Roger and Mayhew

3.10.4 ResultsValidation and Comparison

Table 3.5 shows the simulation validation results of OTEC plant by Sami
Mutair (2013) with this study and freshwater production for this study. The salinity
taken for validation is 40 g/kg. The results from this study are acceptablefor a
criterion-related validation with Sami Mutair results. The difference in all pumping
power values is because of the lower intake of mass flow rate of warm and cold
seawater. A dightly different result of warm and cold seawater intake is due to some
parameters and value that is not stated in the study conducted by Sami Mutair (2013).
To achieve 1000 kW of turbine power it would need 2036.72 kg/s of intake mass
flow rate of warm and cold seawater. For the freshwater production, it is not much a
difference between Mutair study and this study. The freshwater production for this
study is calculated based on Equation 3.11 to Equation 3.15. Its difference is only in
the freshwater production whereby due to some specific condition taken, based on
simulation data optimization as the thermal conductance of condenser, an error
assumption to calculate the heat balance and others is not stated in his study. But
theoretically, it stated that the freshwater production is based on the effectiveness of
the LTTD equation as discussed in Chapter 4. This shows that by using a smple
configuration rather than Sami Mutair study, this study also can achieve the same
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amount of freshwater production. Configuration of LTTD plant in this study is more

effective as it doesn’t need to have DCC and a cooling water pump which requires a

more complicated design and specific power consumption for LTTD plant. Table 3.6

and Table 3.7 are the data taken for comparison study. The comparison are based on

the same temperature taken for both study but different input for salinity, and pipe
water length which this study is based on off-shore based pipe length for the system.

Table of heat and mass balance for validation study can be referred as in Appendix

K.
Table 3.5: The validation and comparison study
Parameter Symbol | Unit Mutar Validation
(OTEC-LTTD)
Warm seawater
Inlet temperature Tws °C 26.00 26.00
Outlet temperature Twso °C 21.60 21.60
Cold seawater
Inlet temperature Tes °C 6.00 6.00
Outlet temperature Teso °C 10.20 10.22
Flow rate
Warm seawater Miys kg/s 2040.00 2036.72
Cold seawater Mes kg/s | 2040.00 2036.72
Working fluid Mt kg/s 29.0 29.0
Work Pump
Warm seawater WP, kW 94.30 94.07
Cold seawater WP kW 221.31 220.58
Working fluid WPt kw 9.58 9.57
Vacuum WP, kW 15.92 14.64
Condensation
temperature Tc °C 10.99 10.99
Evaporation temperature | Tg °C 20.8 20.78
Net power Whet kW 675.00 675.78
Freshwater production Maw kg/s 15.00 15.07




Table 3.6: Datafor Sami Mutair (2013) study
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Type On-Shore Based plant
Tuws 26°C
Tes 6°C
S 40 g/kg
Mys= Mes 2040 kg/s
Lpcs 3500 m
Intake depth 800 m
UA: = UAc 15 MW/°C
Table 3.7: Data used for comparison study
Type Off-Shore Based plant
Tuws 26°C
Tes 6°C
S 35 g/kg
Mus= Mes 2023.9 kg/s
Lpcs 760 m
Intake depth 760 m
UA: = UAc 15 MW/°C




CHAPTER 4

RESULT AND DISCUSSION

4.1 Softwar e Calibration Results

The results obtained by integrated the seawater simulation as a sub-routine in

the main simulation program.

4.1.1 Seawater Properties

Seawater which contains salt can increase the boiling point elevation of pure
water. Boiling point is the temperature when the liquid boils and turns into vapor.
The particles gain energy and move faster when a liquid is being heated. As heat
energy keeps on supplying to the liquid, the particles will eventually obtain enough
energy to completely break the force between the molecules. Then the particles are
now able to move freely and be far apart. The temperature remains constant during
boiling because heat energy that is absorbed by the particles is used to break the
forces holding them together. Due to the larger salt content, the energy needed for
seawater to achieve its boiling point is increased. Therefore, it is very important to
evaluate the main input parameter such as seawater physical properties for both
OTEC and LTTD plant. To illustrate this, Figure 4.1, shows the relationship between
temperature and boiling point for the various salinities of seawater. The boiling point
increases when the salinity of seawater increases. In complete flash evaporation
process, the exit temperature of the flash chamber is greater than generating steam
condensation temperature. The amount of boiling point rises due to the increase of
salinity and temperature of the seawater intake.
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Figure4.1 Boiling point rises with temperature with different salinity of

seawater

Figure 4.2 indicates the graph of the specific heat capacity, C, and boiling
point versus temperature of seawater. The specific heat can be defined as the amount
of heat per unit mass required to raise the temperature by one degree Celsius. As the
temperature rises, the boiling point rise ‘BPR’ and specific heat capacity would aso
increase. Thisis because in order to increase the temperature, greater heat is required
to break the bond between the particles. The other properties of seawater can be

referred to ‘Thermophysical properties of seawater’ by Mostafa H.Shargawy .
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Figure4.2  Variation of boiling point and specific heat capacity with the
temperature of seawater of S= 40 g/kg



4.2 LTTD Plant

The optimization and results obtained from the simulation is to show the
parameters that affect the LTTD plant and its configuration to integrate with OTEC
plant.

4.2.1 Freshwater Production by Effect of the Thermal Conductance and Mass
Flow Rate of Freshwater

Figure 4.3 shows the effects of thermal conductance and mass flow rate on
freshwater production in the standalone LTTD plant. In this graph, it shows the
thermal conductance of desalination condenser, UAq. is the variable while the other
parameters are kept constant . In order to produce 1000 t/d (around 11.57 kg/s) of
freshwater, the required therma conductance is 2.67 MW/°C. The graph shows that
the freshwater is produced from 300 to 1000 tons per day when the thermal
conductance increase to 2.7 MW/°C. However, at a certain point, the freshwater
production cannot be increased any further even though the thermal conductance was
raised again. This proved that the desalination condenser has its own finite value. In
the real plant, various amount of m,s and ms were investigated to achieve the

freshwater production target.
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Figure4.3  Desdlinated water production in kg/s and t/d with different thermal
conductance
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As shown in Figure 4.4, with constant thermal conductance, the freshwater
production will keep increasing with the increase of warm and cold seawater flow
rate intake. In LTTD plant, the seawater flow rate is one of the main input
parameters. By increasing the seawater flow rate, the freshwater production from the
desalination plant is also increased. The freshwater production can be boosted either
by increasing the temperature gradient or by taking a huge amount of seawater intake
for both warm and cold seawater flow rate. This is due to the high amount of vapor
produced from warm seawater where a huge amount of warm seawater flow rate
intake will increase the heat added at the flash chamber to overcome the latent heat
of vaporization to transfer the vapor to freshwater asin Equation 3.15.

mg,, (t/d)) P UA,.=2.67 MW/°C
fT,.=26°C
2500 —
2000 // T=4°C
1500
- My,
1000 -«
500 preveennainans
/ : 663 kg/s
0 : Viiersansannnnnat : .
0 500 1000 1500 2000
Mass Flowrate of warm and cold seawater (kg/s)

Figure4.4  Desdlinated water by different warm and cold seawater mass flow rate

4.2.2 Effects of Freshwater Production by Various Temperature of Warm
Seawater

Figure 4.5 shows the relationship between the warm and cold seawater intake
against warm seawater temperature to produce 1000 t/d of freshwater. The data can
be obtained from a fixed thermal conductance area and cold seawater temperature at
4 °C. As seen from the figure, the resulting graph indicates a linear graph. With the

larger temperature gradient between the warm and cold seawater, the warm and cold
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seawater flow rate intake decreased in order to achieve 1000 t/d. This is because
based on the Equation 3.15, it provides proof that the freshwater production
increased by having larger temperature difference. This means that the freshwater
production will vary with the therma conductance, flow rate of seawater, and
temperature gradient of the warm and cold seawater. The warm and cold seawater is
one of the main input parameters which affect the desalination ratio. However, in a
real plant condition, the temperature has a limitation because it cannot be controlled.
In order to get a larger temperature difference between warm seawater and cold
seawater, the huge intake of depth is needed.
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Figure45 Desdlinated water production by variable temperature of warm
Seawater

4.2.3 Desalination Ratio

In Figure 4.6, it shows that the freshwater desalination ratio increases as well
as the thermal conductance, UAq. increase. The mass flow rate of warm and cold
seawater is kept constant with various thermal conductances, UAq.. The temperature
difference of the flash evaporation chamber (Tys-Tio) and desalination condenser
(Taco- Taai) INCrease with the increase of thermal conductance. Thisis because a larger
thermal conductance has a larger heat transfer area which allows a better possible of

fluid transfer.
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Figure4.6  Desdlinated water production and desalination ratio based on

temperature differences in flash chamber and desalination condenser

In contrary, the desalination ratio will decrease with an increasing mass flow
rate of warm and cold seawater with fixed the thermal conductance and temperature
of warm and cold seawater. The large mass flow rate of seawater gives more
freshwater production, but the desalination ratio decreased with increasing the mass
flow rate of seawater as shown in Figure 4.7. The portion of seawater converts to
freshwater is very small due to latent heat of warm seawater, L which is larger
compared to the specific heat capacity, C, of the warm seawater affecting by the
salinity and temperature of seawater intake. As a solution, the LTTD needs seawater
intake to increase the desalination ratio as there is an abundance of seawater

available.

In area plant, the desalination ratio does not have much intention as long as
the plant can give more freshwater production with lower energy consumption.
Although the larger thermal conductance lead to increase the desalination ratio and
freshwater production, but it needs a large heat exchanger areato in order to increase
the freshwater production.
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Figure4.7 Desalinated water and desalination ratio with different seawater flow

rate with constant thermal conductance

4.2.4 Significance of LTTD Plant Optimization

Figure 4.8 shows the relationship of thermal conductance, UAq with the mass
of warm and cold seawater flow rate at a constant temperature difference of warm
and cold seawater. In order to produce 1000 t/d of freshwater, a 0.5 MW/ °C of UAg.
needs 1321 kg/s and 1.0 MW/ °C of UAq. needs 770 kg/s of warm and cold seawater
mass flow rate intake capacity. From that comparison, larger UAg: needs lower warm
and cold seawater intake capacity to produce 1000 t/d. Figure 4.8 clearly shows that
the graph is identical with each other for 2.67 MW/ °C and 3.0 MW/ °C of UA4. The
mean for the input temperature of 26 °C and 4 °C of warm seawater and cold
seawater respectively, it needs only 2.67 MW/ °C of UAq. in order to produce 1000
t/d of freshwater. For the LTTD plant, the freshwater generated is dependent on the
capacity of the plant and no limitation or capacity specification is needed to start
operating. For different thermal desalination plants such as MSF and MED, as
discussed in the literature review section, its limitation is the capacity of the plant.
The capacity of the seawater must follow the requirement of the seawater capacity of
the plant and typically 70% or more for input (seawater) in order to start operating.

Besides that, the seawater temperature is also the main limitation for both plants
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which is needed in order to be heated at a certain degree. Of course, this consumes
much energy rather than creating a vacuum to lower the boiling point of the
seawater. For RO plant, the pre-treatment process of seawater is highly
recommended as a requirement in order to prevent clogged the main membrane of

the system.
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Figure4.8 Wam and cold seawater mass flow rate by desalinated water
production with different thermal conductance.

4.3 OTEC Plant

Simulation results for OTEC plant.
4.3.1 Working Fluid Optimization

The results obtained are based on the optimization process to produce 1 MW
of turbine power for the OTEC plant. Figure 4.9 shows the efficiency of the OTEC

cycle by using Ammonia, r22 and r134a as the working fluids of the cycle. From the

graph provided, the efficiency of all the working fluids used would drop with a
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higher warm and cold seawater temperature difference at evaporator heat exchanger.
Based on the 3 working fluids, ammonia gives a higher efficiency than the others and
r22 and r134a where the graph line is dlightly identical with each others. Thisis due
to the higher heat transfer coefficients, the high latent heat of vaporization and better
COP of the fluid. Ammonia fluid also has a low density at 1.013 bar of pressure at
boiling point: 682 kg/m* (ammonialiquid), 1413 kg/m® (liquid R22) and 1376 kg/ m®
(liquid R134a).
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Figure4.9  Efficiency of different working fluids with temperature difference of

warm seawater in evaporator

As shown by the datafound in Table 4.1, in order to achieve 1 MW of turbine
power, the pumps would need more than 1700 kg/s of seawater drawn from the
surface and deep of the ocean. To generate 1 MW, ammonia required a lower flow
rate compared to others working fluids. The larger mass flow rate of working fluid
consumed higher specific power consumption of the system. Apart from being
cheaper in price, it is also another reason ammonia working fluid is regarded more

favorable than other working fluids.



71

Table 4.1: Comparison of OTEC-LTTD cycle using Ammonia (jnh3), r134aand r22

Par ameter Working fluid
Ammonia ri3da r22
Myws=Mes (KQ/S) 1797 1850 1785
Myt (Kg/s) 26 153 161
WP,s (kW) 58.63 60.39 58.24
WP (KW) 113.65 118.46 112.6
WP, (kW) 9.24 18.81 27.01
WPvp (kW) 14.38 14.77 14.28
Whet (KW) 804.1 787.57 787.87
Maw (KQ/S) 16.49 17.66 16.29

4.3.2 OTEC T-sDiagram

The working principle of OTEC is based on Organic Rankine Cycle. In a
closed-cycle OTEC, ammonia is selected as a working fluid due to its low boiling
point. Figure 4.10 shows the T-s diagram of ammonia working fluid to produce 1
MW of eectricity for simulation input as in Table 3.1. In order to achieve 1 MW of
turbine power, the simulation study used the same mass flow rate of warm and cold
seawater of 1796.8 kg/s with 11 MW/°C of therma conductance vaue, while the
other parameters are kept constant. The evaporation temperature is 20.3 °C and the
condensation temperature is 9.43 °C which is being calculated by using log mean
temperature difference. Point 1 is the saturated vapor state at inlet of the turbine.
Point 2 is the mixture state at the outlet of the turbine and the inlet of the condenser
which the turbine is assumed to be isentropicaly (s;=s;). Point 3 is the outlet of the
condenser which is the saturated liquid condition. The ammonia working fluid goes
through the evaporator by the working fluid pump and is being heated by warm
seawater to generate saturated vapor.
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Figure4.10 T-s diagram for ammonia working fluid to produce a 1 MW turbine

power generation (emphasized)

Table 4.2 shows the data for the quantity state for the OTEC cycle proposed
for this study based on point for T-s diagram asin Figure 4.10. The table for heat and

mass balance for each point temperature can be referred asin Appendix L.

Table 4.2: Vaue for the quantity state for the OTEC cycle

Tus (°C) 260 | 270 | 280 | 290 | 300

Tes (°C) 4.0 4.0 4.0 4.0 4.0

T1(°C) 203 | 208 | 213 | 218 | 226

s (kJkgK) | 101 | 101 | 101 | 101 | 100
P; (Kpa) 863.1 | 877.3 | 8917 | 906.1 | 927.9
h: (kJ/kg) | 517.4 | 517.8 | 5181 | 5185 | 519.0

T, (°C) 9.4 9.9 104 | 109 | 111

s (kJkgK) | 101 | 101 | 101 | 101 | 100
P, (Kpa) 601.4 | 6114 | 621.6 | 6318 | 637.0
ho (kJ/kg) | 4722 | 4725 | 4729 | 4732 | 4718

Ts (°C) 9.4 9.9 104 | 109 | 111

s (kJ/kgK) | 5.9 5.9 5.9 5.9 5.9
P;(Kpa) | 6014 | 6114 | 6216 | 6318 | 637.0
hs (kJ/kg) | -7188 | -7165 | -7143 | -712.1 | -710.9

T4 (°C) 95 100 | 105 | 109 | 112

s (kJkgK) | 59 5.9 5.9 5.9 5.9
P, (Kpa) 863.1 | 877.3 | 8917 | 906.1 | 927.9
ha (kJ/kg) | -718.4 | -716.1 | -713.9 | -711.6 | -7105
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4.3.3 Variation of Work Turbinewith Various Thermal Conductance

Figure 4.11 shows the relationship of mass seawater flow rate and the net
power output on the various thermal conductance (UA:s = UAc). The figure shows the
variation of the warm seawater flow rate in order to produce turbine power of 1 MW
and the net output gained by variation of mass seawater and thermal conductance of
the system. Based on the graph, W, of 1 MW turbine power will increase with
decreasing cold and warm seawater mass flow rate. Thus, by increasing the thermal
conductance value, the mass flow rate of cold and warm seawater also decreased
while the W, increase. By an observation, certain value of therma conductance
gives much effect to the mass flow rate of seawater intake and W, as well. But at a
certain point, the value of thermal conductance will become finite which means the
value of seawater mass flow rate and Whe Will remain constant. The larger mass flow
rate will affect the net output power because the pumping power of warm seawater
and cold seawater will increase with increasing mass flow rate of seawater intake.

ke/s kw ]

3000 - - 900 i T,s=26°C
- 800 : .

2500 - 00 | Teim4C

2000 - S 600 i, =m,

1500 - 500 :
- 400 § UAg=UA

1000 | | 300 S EEEEEEEEEEEEEEEEEEEEEEES
L 200 Seawater flow rate

500 -
- 100 — W,

O T T T T 0
0 5 10 15 20 25
Thermal conductance value (MW/ °C)

Figure4.11 Seawater mass flow rate and net output power generation with a

variation of therma conductance
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4.3.4 Variation of Work Turbine with Temperature Difference of Warm and
Cold Seawater at OTEC Heat Exchanger

The temperature difference at inlet and outlet of seawater in the plate heat
exchanger for evaporator and condenser need to be optimized because it can affect
the system performance. Figure 4.12 shows the variation of turbine power generation
with temperature difference in the warm and cold sources of evaporator and
condenser. The graph shows that the turbine power keepsincreasing until it reaches a
certain peak, then it starts to decline along with a larger temperature difference. The
inlet and outlet temperature difference of the evaporator and condenser is sightly
identical to each other. The Qg isincreased linearly as the temperature difference at
evaporator and condenser is increased. As can be seen in Table 3.2, by varying the
mass working fluids of the cycle, the working turbine of the system definitely will be
affected. Based on the effectiveness equation of the OTEC cycle as discussed in
section 4.5, the higher efficiency does not mean the turbine generator is at the
optimum power output. From the graph presented in Figure 4.9 and 4.12, the
maximum output power of the turbine generator lies between 4 °C to 5 °C of
temperature differences. The optimization results will be the guideline for
determining the optimum work turbine produced. For the different intake of warm
seawater temperature optimal temperature difference will be discussed in Section 4.4
for the OTEC-LTTD plant.
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Figure4.12 Turbine power output with a temperature difference of seawater in
OTEC heat exchanger

4.3.5 PipeDiameter Effectson Net Work Turbine

The selection of the pipe diameter is based on the seawater mass flow rate to
achieve 1 MW turbine power at constant condition as depicted in Figure 4.13 which
create the minimum losses on the system. The net power output kept increasing with
increasing diameter of seawater pipe until the net power output remains constant by a
further increase of the seawater pipe diameter. By increasing the pipe diameter it
causes the flow velocity of the seawater in pipes to decrease which affects the head
loss of seawater pipe of warm and cold seawater pipe. The pipe diameter size is
dependent on how much flow rate of the seawater needed for the plant. It needs to be
optimized in order to find the optimal pipe diameter for the specific conditions of the
OTEC plant. This is because if the pipe diameter is too small for the required
seawater flow rate for specific OTEC plant generation, it will affect the net power
output of the plant. As for the 1 MW OTEC plant, it needs at least 1.2 m or larger
size of pipe diameter in order to produce optimum power generation. In the same
condition, the net work output remains the same athough with further increase of the
pipe diameter after at optima pipe diameter. The optimization of required pipe
diameter and optimal pipe diameter is important due to cost anaysis. In offshore
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piping condition, the pipe design and configuration need to be analyzed in order to
prevent higher capital investment. In the OTEC system, the installation cost of the
cold seawater pipe is higher due to the length of the pipe and a challenge to
submerge the pipe into the ocean with high depth.

W, (kW) 17,,=26°C

Tcsi: 4°C

m,,.=m.= 1796.8 kg/s
UA;= UA, = 11.0 MW/ °C

1000 +
900 -
800 -
700 -
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500 - w
400 -
300 -
200 -
100 -

0 . T . T . . T . T . !

00 0.2 04 06 08 10 1.2 14 16 18 2.0 2.2

Diameter of warm and cold seawater pipe (m)

Figure4.13 Variation of Whg power by different diameter of seawater pipe

diameter

4.3.6 Work Pump Effect with Variation of Thermal Conductance

The net power output can be described as the total turbine power output
minus all the pumping power (warm seawater, cold seawater and working fluid) of
the system. Figure 4.14 shows the 1 MW OTEC plant output with the net power
output and al pumping works with different thermal conductance. The pumping
power for cold seawater and warm seawater decreases in a logarithmic-like
relationship with increasing the thermal conductance of the evaporator and
condenser. This is due to the seawater intake for cold seawater and warm seawater
decreases with the increase of thermal conductance to produce a maximum work
turbine. The different density and friction factors also give much effect to the
pumping power of cold seawater which consumes much energy due to the depth of
cold seawater rather than depth of warm seawater intake. The pumping power for
ammonia is constant for a 1 MW power output which is 9.24 kW (26 kg/s) for al
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values of thermal conductance. The value of temperature difference in heat
exchanger of evaporator ( Tus - Twso ) @nd condenser (Teso - Tes ) 1S Shown in the
Figure 4.14. In order to achieve heat and mass balance in an evaporator and
condenser, a larger therma conductance needs larger temperature difference. The
calculation is made based on the Equation 3.1, 3.2 and Equation 3.4, 4.5 for
evaporator and condenser side respectively based on 0.001 error.

kw
1200 17301 366 4.13 4.47 473 493 508 520 552 ->T,. T, (°C)
2.87 3.49 394 426 451 470 484 496 526 -->T_-T., (C)
1000
800 |— m WP,
WP,
600 -
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200 1 E Tcsi=4 OC
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8 9 10 11 12 13 14 15 20 isseeesssssseesd
Thermal conductance value (MW/°C)

Figure4.14 Work turbine, work net and work pump for warm seawater, cold
seawater and working fluid with variable thermal conductance

4.3.7 OTEC Optimization Application

The simulation results show that there are many important parameters that
can be taken into the calculation in order to design or propose the OTEC plant. It is
very useful to make a consideration in terms of performance, cost analysis, electricity
and net electricity generation production. The data from the previous studies can be
used a reference in order to select the best condition design to achieve the
performance and efficiency to produce a desired or intended result. The OTEC single
purpose is to generate electricity based on the green method which extracts the
temperature difference of the warm and the cold source of seawater. For commercial
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purposes, there are many advantages that can be gained from an OTEC plant namely
that it extract hydrogen production, lithium, freshwater, marine culture and others.

44  OTEC-LTTD Plant

The proposed hybrid power generation and freshwater plant for the study.

4.4.1 Integration of OTEC-LTTD Plant

The main objective of the desalination plant is to design a plant which can
give an energy-cost-effective to produce freshwater. The ssimulation condition used
in this study is similar to the previous CC-OTEC plant. In this study, the OTEC plant
isintegrated with the LTTD plant to construct OTEC-LTTD plant for the generation
of electricity and freshwater. The freshwater production will be configured at the
optimum turbine power output. Asin OTEC-LTTD plant, the freshwater production
will be configured and optimized after the optimum turbine power output is
achieved. The simulation study has to be conducted before the rea plant builds.
From the previous research, the error of simulation study and experimental study is
counted less than 10 % and can be adopted.

4.4.2 Variation of Work Turbine and Freshwater Production

Figure 4.15 shows the effect of temperature difference at the evaporator and
condenser of the OTEC cycle for 1 MW turbine power with net power output and
freshwater production for proposed 1 MW OTEC-LTTD plant. The result shows that
at turbine power generation of 1 MW, the freshwater production is 16.49 kg /s with a
net power output of 804.1 kW. The freshwater production is declining linearly by
further increasing the warm and cold seawater temperature difference at the inlet and
outlet of the evaporator and condenser. In order to generate more electricity
generation and freshwater production, a larger OTEC-LTTD plant capacity is
needed.
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Figure4.15 Turbine power and net power output with freshwater production by
temperature change in the OTEC heat exchanger

45  Simulation Data Based on Tropical Warm Seawater Temperature

The proposed OTEC-LTTD plant is to generate 24 MWh/d of electricity and
more than 1000 t/d of freshwater. From Table 4.3 at the highest temperature data to
generate 1 MWh of electricity at 30 °C, the freshwater production is 11.5 kg/s
corresponding to 1000 t/d. An increase in temperature would result in a higher net
power output due to lower needs of intake capacity of warm and cold seawater. The
difference in pumping power for the working fluid is affected by the increasing of Te
and Tc of the system. Increasing of Tg and T will increased the pressure of the
evaporator and condenser respectively and increased the specifc volume of saturated

liquid at condenser exit for the working fluid side.
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Table 4.3: Simulation results corresponding to generate 1 MW at various warm

Seawater temper ature
Tuws (°C) 26.0 27.0 28.0 29.0 30.0
Tes (°C) 4.0 4.0 4.0 4.0 4.0

Mus Mes (Kg/s) | 1796.8 | 1563.9 | 1390.3 | 1255.2 | 1198.7
Mt (Kg/9) 260 | 260 | 260 | 260 | 260
WP,s(kW) | 586 | 50.7 | 448 | 403 | 385
WP.(kW) | 1137 | 940 | 806 | 709 | 668
WPy (KW) 9.2 9.4 9.6 97 | 103
WP, (kW) | 144 | 124 | 110 | 98 9.3
W (kW) | 804.1 | 8335 | 854.1 | 869.3 | 8752
Maw (KQ/S) 165 | 145 | 129 | 116 | 115
P1 (kPa) 863.1 | 877.3 | 8917 | 906.1 | 927.9

Te (°C) 203 | 208 | 213 | 218 | 226
Tuwso (°C) 215 | 219 | 22 | 226 | 233
Tc (°C) 9.4 9.9 104 | 109 11.1
Teso (°C) 8.3 8.9 9.5 10.1 10.4
(T (°C) 155 | 158 | 16.2 165 | 170
T (°C) 139 | 146 15.2 15.8 16.3
T, (°C) 203 | 208 | 213 | 218 | 226
T, (°C) 9.4 9.9 104 | 109 11.1
T5 (°C) 9.4 9.9 104 | 109 11.1
T4 (°C) 9.5 100 | 105 | 109 11.2
ATws 45 5.1 5.8 6.4 6.7
ATcs 43 49 55 6.1 6.4
WPt 195.8 | 1665 | 1460 | 130.7 | 1248

4.6  Simulation Data Based on Variation of Warm Seawater Temperature
and Cold Seawater Temperature at Different Depth

The temperature of warm seawater is fluctuating over the years. In Table 4.3,
it shows that the corresponding data based on various warm seawater temperature
and cold seawater temperature intake to generate 1 MW of turbine power. The table
shows the results for warm seawater temperature at 26 °C and 27 °C with different
cold seawater temperature taken at several depths at 4 °C, 5°C and 6 °C. The other
table generated is based on proposal to generate 1 MW turbine power at various
warm and cold seawater temperatures as in Appendix J. The simulation input for

depth can be seen in Table 3.2. The minimum lower temperature is taken to maintain
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the performance of OTEC cycle performance which is the temperature gradient must
be at least or more than 20 °C at 6 °C of cold seawater temperature. From the results,
the net power output is decrease and the freshwater production is increased when the
temperature of cold seawater increased. This is due to the intake capacity of mass
flow rate of warm and cold seawater which is the higher capacity of mass flow rate
of seawater needs high power consumption for pumping power. On the contrary,
higher intake capacity of warm and cold seawater will boost more freshwater
production as discussed in Section 4.2.3.
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Table 4.4: Simulation results corresponding to generate 1 MW turbine power at
various cold seawater temperature

Tusi (°C) 260 | 260 | 260 | 270 | 270 | 270
Tes (°C) 4.0 5.0 6.0 4.0 5.0 6.0
Mws Mes (KG/S) | 1796.8 | 2147.4 | 26345 | 1563.9 | 1837 | 2158.2
mwt (KG/S) 260 | 290 | 2900 | 260 | 290 | 29.0
WP,s (KW) 586 | 715 | 888 | 507 | 604 | 715
WP (kW) 113.7 | 139.1 | 1908 | 940 | 111.0 | 1345
WP, (KW) 9.2 94 9.6 9.4 9.6 9.7
WPy, (KW) 144 | 169 | 204 | 124 | 144 | 166
Whnet (KW) 804.1 | 7632 | 6904 | 8335 | 8046 | 767.7
Maw (KG/S) 165 | 183 | 219 | 145 | 158 | 184
P1 (kPa) 863.1 | 861.8 | 8765 | 877.3 | 875.7 | 890.6
Te (°C) 203 | 203 | 208 | 208 | 208 | 213
Tuso (°C) 215 | 219 | 226 | 219 | 222 | 229
Tc (°C) 9.4 105 | 110 9.9 110 | 115
Teso (°C) 8.3 9.0 9.2 8.9 9.6 9.9
(T (°C) 155 | 162 | 171 | 158 | 165 | 172
Teeo (°C) 139 | 142 | 144 | 146 | 150 | 152
T1 (°C) 203 | 203 | 208 | 208 | 208 | 213
T, (°C) 9.4 105 | 110 9.9 110 | 115
T3 (°C) 94 105 | 110 9.9 110 | 115
T4 (°C) 95 106 | 111 | 1200 | 110 | 115
ATws 45 4.2 34 5.1 4.9 4.1
ATCs 4.3 4.0 3.2 4.9 4.6 3.9
WP 1959 | 2368 | 309.6 | 1665 | 1954 | 232.3

The net power output is mainly dependent on the temperature of warm and cold
seawater which is one of the main input parameter. Figure 4.16 shows the results of
net power output at various warm and cold seawater intake temperatures in form of
graph based on Table 4.4 and Appendix J. The higher temperature gradient is a
benefit to get more power output from OTEC plant.
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Figure4.16 Work net at various warm and cold seawater temperature.

4.7  Simulation Study Based on Warm Seawater Surface Temperature Data
at Kudat, Sabah

Figure 4.17 shows the simulation results based on warm seawater surface
temperature data in Kudat, Sabah. The temperatures data were taken from Table 3.4.
The highest electricity production was recorded on June while the lowest is on
January. However, if we look on the freshwater production, at the higher electricity
production, the amount of freshwater produced is low. Thisis due to the lower mass
seawater flow rate intake to generate 1 MW gross power output.
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Figure4.17 Simulation Data based on Variation of Warm Seawater Temperature
data at Kudat,Sabah.

4.8 Comparison Study

Validation studies have been made as in Section 3.10. The comparison have
been made based on several different input based on Table 3.6 and 3.7. For
standalone LTTD plant, the mass flow rate of seawater intake to achieve 16.53 kg/s
as same as OTEC-LTTD plant need dlightly half of the mass flow rate for the OTEC-
LTTD plant as shown in Table 4.5. Thisis because the temperature difference of the
desalination plant received from the OTEC plant is lowered than standalone LTTD
plant. But, for the standalone desalination and LTTD plant, it needs specific energy
consumption to operate which is 105.2 kW. For the OTEC-LTTD plant, the specific
energy consumption needed for both OTEC and LTTD plant can be recycled from
energy generated by OTEC. This is the reason why there are many desalination
plants combined with the power generation plant to minimize the energy
consumption. According to Sami Mutair (2013), the 1 MW power generation plant
can gives more than 1000 t/d of freshwater when integrated with the LTTD plant.
Interestingly, the result obtained in this study also generated more than 1000 tons per
day of freshwater. The pumping power is only required for the OTEC plant in the
OTEC-LTTD plant. The results of pumping powers of all pumpsfor OTEC-LTTD in
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this study is different with Sami (OTEC-LTTD) were because of the geographical
and tropical condition to deliver awarm seawater and cold seawater from the several
depths and length. For the output power generation and freshwater production,
tropical data gives the different output which the main parameters in utilizing the
performance of OTEC-LTTD plant is the temperature of the warm and cold
seawater. Even with 1 °C increase and decrease in the temperature will give much
effect on the output and performance of the system. In this study, the Plate Heat
Exchanger (PHE) type was selected for desalination condenser because it is easier to

set up for the real plant compact compared to other types available in the market.



Table 4.5: Comparison study

Mutair StTSLjS This
Parameter | Symbol | Unit | (OTEC- y Study
L1o) | CTEC- | 17D
LTTD)
Salinity S g/kg 40.0 35.0 35.0
Warm
seawater
Inlet Tus °c | 260 26.0 26.0
temperature s ' ' '
Outlet o
temperature Twso C 21.6 21.6 16.2
Cold
seawater
Inlet o
temperature Tes C 6.0 6.0 6.0
Outlet o
temperature Teso C 10.2 10.2 15.8
Flow rate
Warm
afer Mis kg/s 2040.0 2023.9 1040.0
Cold seawater Mes kg/s | 2040.0 2023.9 1040.0
Working fluid Mt kg/s 29.0 29.0 -
Work Pump
Warm WP | kw | 943 67.2 33.9
seawater
Cold seawater | WP kW 221.3 133.8 56.0
Working fluid | WPy kw 9.6 9.6 -
Vacuum WP, kW 15.9 16.0 15.2
Condensation | . °c | 110 11.0 15.8
temperature
Evaporation | °c | 208 20.8 16.2
temperature
Net power Whet kw 658.9 7735 -
Freshwater
production Mgw kg/s 15.0 16.5 16.5
Total
Pumping WPt kW 341.1 226.5 105.2

Power
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4.9  Optimization Effectiveness Equation

From the study, the output power for the OTEC system is evaluated based on
Equation 4.1.

Wh=Wr_g -Whwt -Wows -Wees (4.1)

where the net power is equal to the turbine power minus all the pumping power of
the system. From Equation 3.9 and Equation 4.1, the turbine generator output is
influenced by the input parameters, which are the temperature of warm and cold
seawater and mass flow rate of warm and cold seawater. The system depends on how
much flow rate of seawater is needed for the OTEC plant. Besides, the thermal
conductance a so influenced the specific power consumption for the pumping power.
All the parameters need to be optimized in order to achieve an optimal power of a
turbine generator. The other factor of the pumping power includes the calculation of
the length, roughness, and diameter of the pipe. For the desdination plant, the
amount of freshwater produced can be evaluated as in Equation 3.15

T Ci -
mg =" L ) (3.15)

The Cpus Of seawater is almost constant due to the small change for different
temperature and salinity of the seawater. Based on the equation, the portion of
seawater converts into freshwater is very small due to latent heat or sensible heat of
seawater which is relatively larger than Cyys. For the LTTD system, the temperature
difference is relatively small. Thus, in order to increase desalination ratio and
production of freshwater, high amount of seawater is needed. In an OTEC-LTTD
plant, the temperature difference between warm seawater and cold seawater sources
for LTTD system can be ignored because the plant receives the warm seawater and
cold seawater from the outlet temperature of seawater at the evaporator and
condenser of the OTEC system. In order to achieve the optimal design parameters,
the design simulation and configuration should be optimized since the output of

OTEC-LTTD plant depending on several parameters.



CHAPTER 5

CONCLUSION

The OTEC-LTTD plant consists of power generation and desalination
system. In genera, al types of desalination plant consumed higher specific energy
consumption in order to produce freshwater. In this study, its main objective is to
construct an energy-effective desalination plan. An OTEC-LTTD plant is proposed
as it makes use of the temperature gradient of the warm and the cold seawater to
generate electricity and freshwater. As for this study, the freshwater power
consumption that’s required islower because the power generated from OTEC part is
being used to generate freshwater. For the proposed OTEC-LTTD plant, the
optimum diameter required in order to pump mass flow rate of warm and cold
seawater of 1796.8 kg/s is 1.2 m and the value of optimum thermal conductance is
11.0 MW/°C. The optimum temperature difference found in the evaporator and
condenser of heat exchanger of OTEC have been determined and presented in Table
4.3, 44 and Appendix J. The saturation temperature of evaporator, Tg and
condensation temperature, Tc also presented on the table that need to be set to find
the heat balance and optimum turbine power. From the results, the 1 MW OTEC-
LTTD plant can produce 1425 t/d of freshwater and can be used to supply residential
areas which is generated through the use of 24 MWh/d of electricity generated on
OTEC plant with 804 kW of net power produced. RO as an energy efficient
desalination system, of which about 208 kW (3.5 kWh/t) is needed for specific
energy consumption to produce 59.36 t/h (16.49 kg/s) of freshwater. Therefore, it can
be concluded that an OTEC plant can be more beneficial and advantages with the
LTTD plant. With the presence of LTTD plant in the OTEC cycle, the freshwater can
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be produced as a byproduct without consuming much energy. From optimization, the
best performance can be selected based on some criteria as the maximum plant
output, the control system of the input parameters, and the optimum design. The
plant can generate more than 1000 t/d of freshwater at the higest temperature based
on tropical area a 30 °C. The cold seawater intake at 1000 m depth that reaching 4
°C temperature is seen to give more net power due to larger temperature differential.
For this proposed plant,the optimum design can be seen as in diagram in Figure 5.1.
Interestingly, Malaysia has a better potential to build an integrated OTEC-LTTD
plant. This is due to the location of the site around the Sabah Trough, which has
more than 20°C temperature gradient and close to the populated island with

insufficient electricity and freshwater supply.

In this study, a simulation approach has been proposed based on a
mathematically based problem design to compute the optimal results for the OTEC-
LTTD plant. From the foregoing results, it can be concluded as follows:

i Feasibility of using Ocean Thermal Energy for Power Generation
and Desalination.

I. The obtained results indicate that using the ocean thermal energy in
driving the desalination process is promising, and at the right location

and design, it can be effective and reliable.

iii. Conventional methods consume more energy and give an impact to

the environments.

iv. The integrated plant gives severa advantages on pumping work and

vacuum system of the plant.

V. The production of freshwater also boosted the OTEC plant (Energy
efficient for desalination).

Vi. Under present conditions, freshwater can be produced lower than

specific energy consumption than others desalination plant.



Figure5.1

Proposed 1 MW OTEC-LTTD plant optimization results
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Vapor (saturation) pressure, kPa

Boiling point devation, K

100

Salinity, g/kg

Temp,| O 10 20 30 40 50 60 70 80 90 100 110 120
°C

0 0611 0608 0604 0601 0597 0593 0590 058 0582 0578 0575 0571 0567
10 1228 1221 1214 1207 1199 1192 1185 1177 1170 1162 1154 1147 1139
20 2339 2325 2312 2298 2284 2270 2256 2242 2228 2213 2199 2184 2169
30 4247 4222 4197 4172 4147 4122 409 4070 4044 4018 3992 3965 3938
40 7.384 7341 7298 7255 7211 7167 7123 7078 7.033 6987 6941 6.895 6.848
50 12351 12279 12207 12135 12.062 11.988 11.914 11.839 11.763 11.687 11.610 11532 11.454
60 19946 19.829 19713 19.596 19.478 19.359 19.239 19.118 18.996 18.873 18.749 18.624 18.497
70 |31.201 31.018 30.837 30.654 30.470 30.284 30.096 29.907 29.716 29.523 29.329 29.133 28.935
80 | 47415 47.139 46.863 46.585 46.305 46.022 45.737 45.449 45159 44.866 44571 44273 43.972
90 |70.182 69.776 69.368 68.957 68542 68.124 67.701 67.276 66.846 66.413 65975 65.534 65.089
100 |101.418 100.835 100.245 99.651 99.052 98.447 97.837 97.221 96.601 95.974 95343 94.705 94.062
110 |143.376 142.558 141.725 140.884 140.037 139.182 138.320 137.450 136.572 135.687 134.793 133.892 132.982
120 |198.665 197.541 196.386 195.222 194.048 192.863 191.668 190.463 189.246 188.019 186.782 185.533 184.272

Salinity,
g’kg

Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
0 ]0.000 0.067 0.138 0.213 0.291 0.373 0.458 0.547 0.640 0.736 0.836 0.939 1.046
10 |0.000 0.073 0.150 0.232 0.317 0.407 0501 0.599 0.701 0.807 0.917 1.032 1.151
20 |0.000 0.079 0.163 0.251 0.344 0.442 0.545 0.652 0.764 0.880 1.002 1.128 1.258
30 (0.000 0.085 0.176 0.272 0.373 0.479 0.590 0.707 0.829 0.956 1.088 1.225 1.368
40 |0.000 0.092 0.190 0.293 0.402 0.517 0.637 0.764 0.895 1.033 1.176 1.325 1.480
50 (0.000 0.099 0.204 0.315 0.433 0.556 0.686 0.822 0.964 1.112 1.267 1.428 1.595
60 [0.000 0.106 0.219 0.338 0.464 0.597 0.736 0.882 1.035 1.194 1.360 1.532 1.711
70 0.000 0.114 0.234 0.362 0.497 0.639 0.788 0.944 1.107 1.277 1.455 1.639 1.831
80 |0.000 0.121 0.250 0.387 0.530 0.682 0.841 1.007 1.181 1.363 1.552 1.748 1.952
90 (0.000 0.129 0.267 0.412 0.565 0.726 0.895 1.072 1.257 1.450 1.651 1.860 2.076
100 |0.000 0.138 0.284 0.438 0.601 0.772 0.952 1.139 1.335 1540 1.752 1.973 2.203
110 |0.000 0.146 0.302 0.465 0.638 0.819 1.009 1.208 1.415 1.631 1.856 2.089 2.331
120 |0.000 0.155 0.320 0.493 0.676 0.868 1.068 1.278 1.497 1.725 1.962 2.207 2.462
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Density, ka/m
Salinity, g/kg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120

0 999.8 1007.9 1016.0 1024.0 1032.0 1040.0 1048.0 1056.1 1064.1 10721 1080.1 1088.1 1096.2
10 999.7 10074 10152 1023.0 1030.9 1038.7 1046.6 10544 10622 1070.1 1077.9 1085.7 1093.6
20 998.2 1005.7 10134 1021.1 1028.8 10365 1044.1 1051.8 1059.5 1067.2 10749 1082.6 1090.3
30 995.7 1003.1 1010.7 10182 1025.8 1033.4 1040.9 10485 1056.1 1063.6 1071.2 1078.7 1086.3
40 9922 999.7 1007.1 10146 10221 10295 1037.0 10445 10520 10594 1066.9 1074.4 1081.8
50 988.0 9955 10029 10103 1017.7 10251 10325 1039.9 10473 1054.7 10621 1069.5 1076.9
60 9832 990.6 998.0 10053 10127 1020.0 1027.4 1034.7 10421 10495 1056.8 1064.2 10715
70 9778 9851 9925 999.8 1007.1 10145 1021.8 1029.1 10365 1043.8 1051.2 10585 1065.8
80 9718 9791 9865 993.8 10011 10085 10158 1023.1 1030.5 1037.8 10451 10525 1059.8
920 9653 9726 980.0 9873 994.7 1002.0 1009.4 1016.8 1024.1 10315 1038.8 1046.2 1053.5
100 | 9584 9657 9731 9805 9879 9952 1002.6 1010.0 1017.4 1024.8 1032.2 1039.6 1047.0
110 | 9509 9583 9658 9732 9806 9881 9955 10030 10104 1017.8 10253 1032.7 1040.2

120 9431 950.6 9581 9656 973.1 980.6 988.1 9956 1003.1 1010.6 1018.1 1025.6 1033.1

Specific volume, m3kg

Salinity, g/kg

Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120

0 [0.00100 0.00099 0.00098 0.00098 0.00097 0.00096 0.00095 0.00095 0.00094 0.00093 0.00093 0.00092 0.00091
10 {0.00100 0.00099 0.00099 0.00098 0.00097 0.00096 0.00096 0.00095 0.00094 0.00093 0.00093 0.00092 0.00091
20 |0.00100 0.00099 0.00099 0.00098 0.00097 0.00096 0.00096 0.00095 0.00094 0.00094 0.00093 0.00092 0.00092
30 ]0.00100 0.00100 0.00099 0.00098 0.00097 0.00097 0.00096 0.00095 0.00095 0.00094 0.00093 0.00093 0.00092
40 ]0.00101 0.00100 0.00099 0.00099 0.00098 0.00097 0.00096 0.00096 0.00095 0.00094 0.00094 0.00093 0.00092
50 {0.00101 0.00100 0.00100 0.00099 0.00098 0.00098 0.00097 0.00096 0.00095 0.00095 0.00094 0.00094 0.00093
60 [0.00102 0.00101 0.00100 0.00099 0.00099 0.00098 0.00097 0.00097 0.00096 0.00095 0.00095 0.00094 0.00093
70 {0.00102 0.00102 0.00101 0.00100 0.00099 0.00099 0.00098 0.00097 0.00096 0.00096 0.00095 0.00094 0.00094
80 ]0.00103 0.00102 0.00101 0.00101 0.00100 0.00099 0.00098 0.00098 0.00097 0.00096 0.00096 0.00095 0.00094
90 ]0.00104 0.00103 0.00102 0.00101 0.00101 0.00100 0.00099 0.00098 0.00098 0.00097 0.00096 0.00096 0.00095
100 ]0.00104 0.00104 0.00103 0.00102 0.00101 0.00100 0.00100 0.00099 0.00098 0.00098 0.00097 0.00096 0.00096
110 ]0.00105 0.00104 0.00104 0.00103 0.00102 0.00101 0.00100 0.00100 0.00099 0.00098 0.00098 0.00097 0.00096

120 ]0.00106 0.00105 0.00104 0.00104 0.00103 0.00102 0.00101 0.00100 0.00100 0.00099 0.00098 0.00098 0.00097
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Specific Internal Energy and Enthalpy of Seawater



Specific internal enerqy, kJ/kg

104

Salinity,
gkg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
10 | 420 412 405 397 390 382 375 367 36.0 352 345 337 330
20 | 839 87 814 802 789 777 765 752 740 728 715 703 69.1
30 |125.7 124.0 122.3 120.6 1188 117.1 1154 113.7 112.0 110.2 108.5 106.8 105.1
40 |167.5 165.3 163.1 160.9 158.7 156.5 154.3 152.1 149.9 147.7 1455 1433 141.1
50 |209.3 206.6 203.9 201.3 198.6 1959 193.2 1905 187.8 185.1 1824 179.8 177.1
60 ([251.1 248.0 244.8 241.6 2384 2353 2321 2289 2258 222.6 219.4 216.2 213.1
70 [293.0 289.3 285.7 282.0 278.4 274.7 271.0 267.4 263.7 260.1 256.4 252.8 249.1
80 [334.9 330.7 326.6 322.5 318.3 314.2 310.0 3059 301.8 297.6 2935 289.4 285.2
90 |376.9 372.3 367.6 363.0 3584 353.8 349.1 3445 339.9 3353 330.7 326.0 3214
100 |419.0 4139 408.8 403.7 398.6 3935 388.4 383.3 378.2 373.0 367.9 362.8 357.7
110 |461.2 455.6 450.0 444.4 438.9 433.3 427.7 4221 416.5 410.9 405.3 399.7 394.2
120 |503.6 4975 491.4 4854 479.3 473.2 467.2 461.1 455.0 448.9 442.9 436.8 430.7
Specific enthalpy, kJ/kg
Salinity,
gkg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
10 | 421 414 406 398 391 383 376 368 36.1 353 346 338 331
20 |84.0 88 815 803 790 778 766 753 741 729 716 704 69.1
30 |125.8 124.1 1224 120.7 1189 117.2 1155 1138 1121 110.3 108.6 106.9 105.2
40 |167.6 165.4 163.2 161.0 158.8 156.6 154.4 152.2 150.0 147.8 145.6 1434 141.2
50 |209.4 206.7 204.0 201.4 198.7 196.0 193.3 190.6 187.9 1852 1825 179.8 177.2
60 ([251.2 248.1 2449 241.7 2385 2354 2322 229.0 2259 222.7 219.5 216.3 213.2
70 [293.1 289.4 2858 282.1 2785 2748 2711 2675 263.8 260.2 256.5 252.9 249.2
80 [335.0 330.8 326.7 322.6 3184 314.3 310.1 306.0 301.9 297.7 293.6 289.5 285.3
90 |377.0 3724 367.7 363.1 3585 3539 349.2 344.6 340.0 3354 330.8 326.1 321.5
100 |419.1 414.0 408.9 403.8 398.7 393.6 388.5 3834 378.3 373.1 368.0 362.9 357.8
110 |461.4 455.8 450.2 444.6 439.0 4334 427.8 4222 416.6 411.1 405.5 399.9 394.3
120 |503.8 497.7 491.6 4856 479.5 4734 467.3 461.3 455.2 449.1 443.1 437.0 430.9
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Latent Heat of Vaporization and Specific Entropy of Seawater



L atent heat of vaporization, kJ/kg

106

Salinity,
gkg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
0 |2500.9 24759 24509 24259 24009 23759 2350.8 23258 2300.8 22758 2250.8 22258 2200.8
10 | 2477.2 24525 24277 24029 23781 23534 23286 23038 2279.0 22543 22295 2204.7 2180.0
20 | 24536 2429.0 24045 2379.9 23554 23309 23063 22818 2257.3 22327 22082 21837 2159.1
30 |2429.8 24055 23812 23569 2332.6 2308.3 22840 22597 22354 22111 21868 21625 21382
40 | 24060 23819 23579 2333.8 2309.7 22857 2261.6 2237.6 22135 21894 21654 21413 2117.3
50 |2382.0 23581 23343 23105 22867 22629 22390 22152 21914 2167.6 2143.8 21200 2096.1
60 |2357.7 23341 23105 2287.0 22634 2239.8 22162 21927 2169.1 21455 2121.9 2098.3 2074.8
70 |2333.1 2309.8 22864 22631 2239.8 22164 21931 2169.8 21464 21231 2099.8 20765 2053.1
80 |2308.1 22850 2261.9 2238.8 22158 21927 2169.6 21465 21234 21004 2077.3 20542 2031.1
90 |2282.6 2259.7 22369 22141 2191.3 21684 21456 21228 2100.0 2077.1 20543 20315 2008.7
100 | 22565 22339 2211.3 2188.8 21662 21437 2121.1 20985 2076.0 20534 2030.8 2008.3 1985.7
110 | 2229.7 22074 21851 2162.8 21405 21182 20959 2073.6 2051.3 2029.0 20067 1984.4 1962.1
120 |2202.1 2180.1 2158.1 21361 2114.1 20920 2070.0 20480 20260 20039 1981.9 1959.9 1937.9
Specific entropy, kJ/kg K
Salinity,
gkg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
10 |0.151 0.152 0.150 0.146 0.141 0.135 0.128 0.121 0.113 0.105 0.096 0.086 0.076
20 ]0.296 0.295 0.291 0.286 0.279 0.271 0.263 0.254 0.244 0.234 0.224 0.213 0.201
30 |0.437 0.433 0.428 0.420 0.412 0.403 0.393 0.382 0.371 0.360 0.348 0.336 0.323
40 |0.572 0.567 0.560 0.551 0.541 0.530 0.519 0.507 0.495 0.482 0.469 0.456 0.442
50 |0.704 0.697 0.688 0.678 0.666 0.654 0.642 0.628 0.615 0.601 0.587 0.573 0.557
60 |0.831 0.823 0.813 0.801 0.788 0.775 0.761 0.746 0.732 0.717 0.701 0.686 0.669
70 [0.955 0.945 0.934 0.921 0.907 0.892 0.877 0.861 0.845 0.829 0.812 0.795 0.777
80 |1.075 1.064 1.051 1.037 1.022 1.006 0.989 0.972 0.955 0.937 0.919 0.901 0.882
90 |1.193 1.180 1.166 1.150 1.133 1.116 1.098 1.080 1.061 1.042 1.023 1.003 0.983
100 |1.307 1.293 1.277 1.260 1.242 1.223 1.204 1.184 1.164 1.144 1.123 1.101 1.079
110 |1.419 1.403 1.386 1.367 1.348 1.327 1.307 1.285 1.263 1.241 1.219 1.195 1.171
120 |1.528 1.511 1.492 1.472 1.450 1.428 1.406 1.382 1.359 1.335 1.310 1.285 1.259
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APPENDIX E

Specific Heat and Thermal Conductivity of Seawater
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Specific heat at constant pressure, J/kg K

Salinity,

g/kg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
0 14206.84142.14079.94020.13962.7 3907.8 3855.3 3805.2 3757.63712.43669.7 3629.33591.5

10
20
30
40
50
60
70
80
90
100
110

120

4196.74136.74078.84022.83968.9 3916.9
4189.14132.84078.24025.33974.1 3924.5
4183.94130.54078.54027.83978.6 3930.8
4181.04129.74079.64030.73982.9 3936.4
4180.64130.84081.94034.13987.3 3941.5
4182.74133.74085.54038.33992.0 3946.5
4187.14138.54090.64043.63997.3 3951.9
4194.04145.34097.34050.14003.7 3958.1
4203.44154.24105.94058.34011.5 3965.4
4215.24165.44116.44068.24020.9 3974.3
4229.44178.84129.14080.24032.2 3985.1

4246.14194.74144.24094.64045.9 3998.2

3867.1 3819.2 3773.33729.53687.73647.93610.1
3876.6 3830.4 3785.93743.03701.83662.33624.5
3884.4 3839.4 3795.83753.63712.73673.33635.3
3891.0 3846.7 3803.73761.83721.13681.63643.2
3896.6 3852.9 3810.13768.33727.53687.83649.0
3902.0 3858.3 3815.53773.73732.73692.63653.4
3907.4 3863.6 3820.63778.53737.23696.73657.0
3913.3 3869.2 3825.93783.53741.73700.83660.7
3920.2 3875.7 3832.03789.13746.93705.63665.0
3928.5 3883.6 3839.43796.03753.53711.73670.8
3938.7 3893.3 3848.63804.93761.93719.93678.6

3951.3 3905.4 3860.33816.23773.03730.73689.4

Thermal conductivity, W/m K

Salinity,

gkg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
0 |0.572 0.571 0.570 0.570 0.569 0.569 0.568 0.568 0.567 0.566 0.566 0.565 0.565
10 |0.588 0.588 0.587 0.587 0.586 0.585 0.585 0.584 0.584 0.583 0.583 0.582 0.582
20 |0.604 0.603 0.602 0.602 0.601 0.601 0.600 0.600 0.599 0.599 0.598 0.598 0.597
30 |0.617 0.617 0.616 0.616 0.615 0.615 0.614 0.614 0.613 0.613 0.612 0.612 0.611
40 [0.630 0.629 0.629 0.628 0.628 0.627 0.627 0.626 0.626 0.625 0.625 0.624 0.624
50 |0.641 0.640 0.640 0.639 0.639 0.638 0.638 0.637 0.637 0.636 0.636 0.635 0.635
60 |0.650 0.650 0.649 0.649 0.648 0.648 0.647 0.647 0.647 0.646 0.646 0.645 0.645
70 ]0.658 0.658 0.658 0.657 0.657 0.656 0.656 0.655 0.655 0.655 0.654 0.654 0.653
80 |0.665 0.665 0.665 0.664 0.664 0.663 0.663 0.663 0.662 0.662 0.661 0.661 0.661
90 |0.671 0.671 0.670 0.670 0.670 0.669 0.669 0.669 0.668 0.668 0.667 0.667 0.667
100 [0.676 0.675 0.675 0.675 0.674 0.674 0.674 0.673 0.673 0.673 0.672 0.672 0.672
110 (0.679 0.679 0.679 0.678 0.678 0.678 0.677 0.677 0.677 0.676 0.676 0.676 0.675
120 [0.682 0.681 0.681 0.681 0.680 0.680 0.680 0.679 0.679 0.679 0.679 0.678 0.678
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APPENDIX F

Dynamic Viscosity and Kinematic Viscosity of Seawater



Dynamic viscosity x 103, ka/m s

110

Salinity,
g/kg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
0 1791 1820 1852 1887 1925 1.965 2008 2.055 2104 2156 2210 2268 2328
10 1.306 1.330 1.355 1.382 1412 1443 1476 1511 1548 1586 1627 1669 1714
20 1.002 1021 1043 1065 1089 1114 1.140 1.168 1197 1.227 1259 1292 1326
30 0797 0814 0832 0851 0871 0891 0913 0936 0960 0984 1010 1.037 1.064
40 0653 0667 0.683 0.699 0.716 0.734 0752 0771 0791 0812 0833 0855 0.878
50 0547 0560 0573 0587 0.602 0617 0.633 0649 0666 0684 0702 0.721 0.740
60 0466 0478 0490 0502 0.515 0.528 0542 0556 0571 058 0602 0618 0.635
70 0404 0414 0425 0436 0447 0459 0471 0484 0497 0510 0524 0538 0553
80 0354 0364 0373 0.383 0.393 0.404 0415 0426 0437 0449 0462 0474 0.487
90 0315 0323 0331 0340 0.349 0.359 0369 0379 0389 0400 0411 0422 0434
100 0282 0289 0297 0305 0313 0322 0331 0340 0350 0359 0369 0.380 0.390
110 0255 0262 0269 0276 0.283 0.291 0299 0308 0316 0325 0334 0344 0.3%4
120 | 0232 0238 0245 0251 0258 0265 0273 0280 0288 0297 0305 0314 0323
Kinematic viscosity x 10°, m?/s
Salinity,
g/kg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
0 1792 1806 1823 1843 1865 1890 19.16 1946 19.77 2011 2046 2084 21.24
10 13.07 1320 1335 1351 13.69 13.89 1410 1433 1457 1482 15.09 1538 15.67
20 10.04 10.16 1029 1043 1058 10.75 1092 1110 11.30 1150 11.71 1193 1217
30 8.01 8.12 8.23 8.36 8.49 8.63 8.77 8.93 9.09 9.26 9.43 9.61 9.80
40 6.58 6.68 6.78 6.89 7.00 7.13 7.25 7.38 7.52 7.66 7.81 7.96 8.11
50 5.53 5.62 571 5.81 5.91 6.02 6.13 6.24 6.36 6.48 6.61 6.74 6.87
60 4.74 4.82 491 4.99 5.08 5.18 5.28 5.38 5.48 5.59 5.70 5.81 5.93
70 4.13 4.20 4,28 4.36 4.44 452 4.61 470 4.79 4.89 4,98 5.08 5.19
80 3.65 371 3.78 3.85 3.93 4.00 4.08 4.16 4.25 4.33 4.42 451 4.60
90 3.26 3.32 3.38 345 351 3.58 3.65 3.73 3.80 3.88 3.96 4.04 412
100 2.94 3.00 3.05 311 3.17 3.24 3.30 3.37 3.44 3.51 3.58 3.65 3.73
110 2.68 2.73 2.78 2.84 2.89 2.95 3.01 3.07 3.13 3.20 3.26 3.33 3.40
120 2.46 2.51 2.55 2.60 2.65 2.71 2.76 2.82 2.88 2.93 3.00 3.06 3.12
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APPENDIX G

Surface Tension and Prandtl Number of Seawater



Surface tension x 10°, N/m

112

Salinity,
gkg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
0 |75.65 75.85 76.01 76.14 76.25 76.35 76.43 76.51 76.57 76.64 76.69 76.75 76.80
10 |74.22 7447 7466 74.82 74.96 75.07 75.17 75.26 75.35 75.42 75.49 75.56 75.62
20 |72.74 73.03 73.25 73.44 7359 73.73 73.85 73.96 74.05 74.14 74.22 74.30 74.37
30 |71.19 7153 71.78 71.99 72.17 7232 7246 7258 72.69 72.79 72.88 72.97 73.05
40 |69.60 69.97 70.25 70.49 70.68 70.86 71.01 71.14 71.26 71.38 71.48 71.57 71.66
50 |67.94 68.35 68.66 68.92 69.13 69.32 69.49 69.64 69.77 69.89 70.01 70.11 70.21
60 |[66.24 66.68 67.01 67.29 67.53 67.73 67.91 68.07 68.21 68.35 68.47 68.58 68.69
70 |[64.48 64.95 65.31 65.61 65.86 66.07 66.27 66.44 66.59 66.73 66.87 66.99 67.10
80 |62.67 63.17 63.55 63.87 64.13 64.36 64.56 64.75 64.91 65.06 65.20 65.33 65.44
90 |60.82 61.34 61.74 62.07 62.35 6259 62.80 62.99 63.16 63.32 63.47 63.60 63.73
100 |58.91 59.45 59.87 60.22 60.51 60.76 60.98 61.18 61.36 61.52 61.67 61.81 61.95
110 |56.96 57.52 57.96 58.31 58.61 58.87 59.10 59.31 59.50 59.67 59.82 59.97 60.10
120 |54.97 5554 5599 56.36 56.67 56.93 57.17 57.38 57.57 57.75 57.91 58.06 58.20
Extrapolated data
Prandtl number
Salinity,
g’kg
Temp,
°C 0 10 20 30 40 50 60 70 80 90 100 110 120
0 (13.18 13.21 13.25 13.31 13.40 1350 13.63 13.78 13.94 14.13 14.34 14.56 14.81
10 [9.32 936 941 948 956 965 976 9.87 10.00 10.14 10.30 10.46 10.64
20 [6.95 700 706 712 719 727 736 746 756 7.67 7.79 792 805
30 [540 545 551 557 563 570 578 586 594 6.03 613 623 6.33
40 |4.34 438 443 449 454 460 4.67 474 481 488 49 504 513
50 (357 361 366 371 376 381 387 393 399 405 412 418 425
60 [3.00 3.04 308 312 317 322 327 332 337 342 348 354 360
70 |[257 260 264 268 272 276 281 285 290 294 299 304 3.09
80 (223 227 230 233 237 241 245 249 253 257 261 266 270
90 [197 200 203 206 209 213 216 220 223 227 231 235 239
100 |1.76 178 181 184 187 190 193 196 199 203 206 210 213
110 | 159 161 163 166 169 171 174 177 180 183 18 189 193
120 | 145 147 149 151 154 15 159 161 164 167 170 173 176
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APPENDIX H

Process Flow chart
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APPENDIX |

OTEC Simulation Process Flow Chart
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APPENDIX J

Simulation Data based on Variation of Warm Seawater Temperature and Cold
Seawater Temperature at Different Depth
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Simulation results corresponding to generate IMW turbine power at various cold

seawater temperature.
Tws (°C) 28.0 28.0 28.0 29.0 29.0 29.0
Tes (°C) 4.0 5.0 6.0 4.0 5.0 6.0
My Mes (KY/S) | 1390.3 | 1609.0 | 1843.0 | 1255.2 | 1436.0 | 1614.0
Myt (Kg/s) 26.0 29.0 29.0 26.0 29.0 29.0
WP, (KW) 44.8 52.5 60.4 40.3 46.5 52.4
WP (KW) 80.6 92.8 106.3 70.9 80.1 89.2
WP, (KW) 9.6 9.7 9.9 9.7 9.9 10.1
WP, (KW) 11.0 12.5 14.1 9.8 11.1 12.3
Whet (kW) 854.1 | 8325 | 809.3 | 869.3 | 8525 | 836.1
Maw (KO/S) 12.9 13.9 15.9 11.6 12.4 14.0
P1 (kPa) 891.7 | 889.7 | 904.8 | 906.1 | 903.9 | 919.2
Te (°C) 21.3 21.3 21.8 21.8 21.8 22.3
Tuwso (°C) 22.2 22.5 23.2 22.6 22.8 23.5
T. (°C) 10.4 11.4 11.9 10.9 11.9 12.4
Teso (°C) 9.5 10.3 10.6 10.1 10.9 11.2
(Te)ae (°C) 16.2 16.8 17.5 16.5 17.1 17.8
Taco (°C) 15.2 15.6 15.9 15.8 16.2 16.6
T1(°C) 21.3 21.3 21.8 21.8 21.8 223
T2 (°C) 10.4 11.4 11.9 10.9 11.9 12.4
T3 (°C) 10.4 11.4 11.9 10.9 11.9 12.4
T4 (°C) 10.5 11.5 12.0 10.9 12.0 12.5
ATws 5.8 5.5 4.8 6.4 6.2 5.5
ATcs 5.5 5.3 4.6 6.1 5.9 5.2
WPt 146.0 | 167.5 | 190.7 | 130.7 | 1475 | 163.9
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Simulation results corresponding to generate IMW turbine power at various cold

Seawater temperature.

Tus (°C) 30.0 30.0 30.0
Tes (°C) 4.0 5.0 6.0
Mus= Mes (KG/S) | 1198.0 | 1301.0 | 1439.0
My (Kg/s) 26.0 29.0 29.0
WP,s (KW) 38.5 41.8 46.4
WP (KW) 66.8 70.8 77.1
WP,: (kW) 10.3 10.0 10.2
WP, (KW) 9.3 10.0 10.9
Whet (kW) 875.2 | 867.4 | 855.4
Maw (KQ/S) 11.6 11.2 12.5
P1 (kPa) 927.9 | 9182 | 933.7
Te(°C) 22.6 22.3 22.8
Tus (°C) 23.3 23.2 23.9
T (°C) 11.1 12.4 12.9
Teso (°C) 10.4 11.5 11.9
(To)ac (°C) 17.0 17.5 18.1
Taeo (°C) 16.3 16.8 17.2
T1(°C) 22.6 22.3 22.8
T2 (°C) 11.1 12.4 12.9
T3 (°C) 11.1 12.4 12.9
T4 (°C) 11.2 12.4 12.9
ATws 6.7 6.8 6.2
ATcs 6.4 6.5 5.9
WP 124.8 | 1326 | 1446
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APPENDIX K

Heat and Mass Balance for Validation Study



Heat and mass balance for validation study
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Validation Heat and Mass Balance of the System
Twsi=26 °C ,T=6 °C
me=m,,s=2036.7 kg/s
Evaporator Condenser FC* DC**

muAkg/s) | Maw(kg/s) | Qews()) | Qewrl)) | QusU) | Qurl) | Q) | Quc(l) | WrkW)
2 26.05 2506929 2506836 2354200 2350597 | 64068580 | 64067724 134.1
5 24.83 6252101 6253530 5878309 5883955 | 61073432 | 61015128 317.2
6 24.42 7498495 7498798 7054087 7063731 | 60057316 | 60010936 373.41
7 24.01 8739579 8742259 8228050 8244487 | 59046836 | 59007852 427.23
8 23.59 9983735 9983923 9397697 9426258 | 58038824 | 58003924 478.63
9 23.18 | 11222766 | 11223706 | 10578746 | 10608997 | 57028392 | 56997268 527.59
10 22.77 | 12458448 | 12461712 | 11752124 | 11792721 | 56022744 | 55995092 574.17
11 22.36 | 13689143 | 13697914 | 12923252 | 12977421 | 55017500 | 54997820 618.37
12 21.96 | 14931987 | 14932311 | 14090688 | 14163184 | 54012044 | 53994716 660.11
13 21.54 | 16163825 | 16164734 | 15276444 | 15349869 | 53001716 | 52989868 699.36
14 21.14 | 17393286 | 17395430 | 16449730 | 16537545 | 51999896 | 51989588 736.28
15 20.73 | 18619812 | 18624308 | 17622128 | 17726198 | 51001272 | 50989788 770.8
16 20.32 | 19842804 | 19851372 | 18793226 | 18915824 | 50000672 | 49994872 802.93
17 19.92 | 21061692 | 21076626 | 19962438 | 20106416 | 49007480 | 48998968 832.67
18 19.51 | 22299688 | 22300046 | 21129180 | 21298164 | 48003296 | 47999072 859.85
19 19.1 | 23520658 | 23521376 | 22317880 | 22490734 | 46999184 | 46995608 884.53
20 18.7 | 24739714 | 24741062 | 23490446 | 23684312 | 46002152 | 46000012 906.94
21 18.29 | 25956594 | 25958910 | 24662598 | 24878868 | 45007256 | 45004764 926.92
22 17.89 | 27171112 | 27174928 | 25834204 | 26074394 | 44013544 | 44010776 944.51
23 17.48 | 28383114 | 28389110 | 27005146 | 27270888 | 43019856 | 43019056 959.69
24 17.08 | 29592352 | 29601466 | 28175252 | 28468348 | 42028760 | 42028092 972.47
25 16.68 | 30798596 | 30811992 | 29344342 | 29666776 | 41039500 | 41038696 982.85
26 16.27 | 32001738 | 32020700 | 30512222 | 30866152 | 40051872 | 40051236 990.85
27 15.87 | 33201328 | 33227594 | 31678558 | 32066484 | 39066296 | 39065968 996.48
28 15.47 | 34432068 | 34432580 | 32843186 | 33268226 | 38083020 | 38058112 999.26
29 15.07 | 35635056 | 35635836 | 34005736 | 34470616 | 37091700 | 37077264 1000
30 14.66 | 36835232 | 36836400 | 35209292 | 35673868 | 36092240 | 36074976 997.7
31 14.26 | 38034068 | 38035764 | 36379720 | 36878168 | 35103672 | 35089536 993.46
32 13.86 | 39230848 | 39233280 | 37549824 | 38083440 | 34114320 | 34106388 986.8
33 13.46 | 40425560 | 40428940 | 38719552 | 39289672 | 33128682 | 33122352 977.72
34 13.06 | 41618096 | 41622752 | 39888864 | 40496868 | 32142760 | 32140394 966.23
35 12.66 | 42808472 | 42814708 | 41057692 | 41705008 | 31161138 | 31157266 952.34
36 12.26 | 43996624 | 44004816 | 42225968 | 42914136 | 30178354 | 30176972 936.02
37 11.86 | 45182368 | 45193072 | 43393708 | 44124200 | 29197894 | 29197144 917.3
38 11.46 | 46365784 | 46379488 | 44560784 | 45335220 | 28219370 | 28218080 896.18

*Flash Chamber ** Desalination Condenser
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APPENDIX L

Heat Balance of OTEC-LTTD Based on Different Warm Seawater
Temperature
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Heat balance of OTEC-LTTD based on different warm seawater temperature

Validation Heat and Mass Balance of the System

Tei =4, Al UA=11 MW/ °C, W;=1000 kW

Evaporator Condenser FC* DC**
Tuwsi (°C) | My (kg/s) | Maw (K8/S) | Qews)) | Qewsl) | Qusl) | Quusl) | Qr(d) Quc(J)
26 1796.8 16.49 | 32129214 | 32130060 | 30542008 | 30964462 | 40631032 | 40628892
27 1563.94 14.46 | 32058008 | 32080966 | 30548428 | 30915552 | 35626224 | 35624220
28 1390.33 12.89 | 32011218 | 32031934 | 30545048 | 30866676 | 31740114 | 31738332
29 1255.22 11.63 | 31981778 | 31982906 | 30533142 | 30817872 | 28636250 | 28634698
30 1198 11.56 | 31960012 | 31966398 | 30528542 | 30751296 | 28437154 | 28434734
*Fash Chamber

** Desdlination Condenser
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APPENDIX M

Proposed OTEC-LTTD Plant Configuration
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